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Clogging of irrigation systems affects irrigation uniformity, water use, crop yields, and
production costs. The objectives of this research were to: 1) Evaluate if published classification
guidelines could predict and identify the causes of clogging in greenhouses; 2) Determine if pipe
materials and flow frequency affect biofilm accumulation; 4) Determine if biofilms inside pipes
affect plant health; and 5) Determine total suspended solids (TSS) thresholds that affect the
performance of pressure–compensated drippers with anti–drain mechanism. The first study
revealed that the current classification guidelines serve as an indicator of relative risk of
clogging, but not as predictors. The assumptions of the classification guidelines outweigh the
presence of nutrients in fertigation as a cause of clogging, disregard interactions among water
quality parameters, and do not consider the qualitative characteristics of microbial communities.
In the second study, biofilm accumulated more on polyvinyl chloride pipes (PVC) than
polyethylene (PE) pipes with continuous or intermittent flow. Biofilms changed the initial
hydrophobicity and topography of PVC pipes. In the third study, plants were bigger and Pythium
spp. was isolated at lower percentage when using pipes with a six-month biofilm compared to
clean pipes. In the final study, TSS (0, 30, 60, and 120 mg·L-1) did not clog the emitters. On the
contrary, discharge increased by 10 to 30% when the solution had 60–120 mg·L-1 TSS. These
results suggest that clogging depends on interactions between factors rather than single
parameters and that plastic pipes may be a substrate for beneficial biofilms.
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Chapter 1: Introduction
Clogging is a challenge for the implementation of sustainable practices in greenhouses.
Clogging affects irrigation uniformity (Capra and Scicolone 1998), emitter discharge efficiency
(Ravina et al. 1992), decrease crop yield (Sadeh and Ravina 2000), and increase production costs
(Raudales et al. 2017).
Clogging of irrigation systems is caused by suspended matter (organic and inorganic
particles), chemical precipitates (calcium, magnesium, iron, and manganese), and biological
agents (biofilm and algae) or a combination of these factors (Adin 1986; Adin and Sacks 1991;
Bucks et al. 1979; Capra and Scicolone 1998; Hao et al. 2017; Nakayama and Bucks 1991).
Water quality can be managed, and emitters be designed to decrease the risk of clogging (Adin
and Sacks 1991; Bucks et al. 1979; Capra and Scicolone 1998; Gilbert et al. 1981; Nakayama
and Bucks 1991; Taylor et al. 1995; Wu et al. 2004). However, using water quality to assess the
causes and risk of clogging is challenging because the influence of individual water quality
parameters might depend on the interaction with quantitative and qualitative aspects of the other
parameters.
Water quality classification systems, proposed by Bucks et al. (1979) and Capra and
Scicolone (1998), use water quality as the framework to assess the risk of clogging. The Bucks et
al. (1979) system (from now on referred to as Bucks system) is referred by the Food and
Agriculture Organization (FAO) water quality for agriculture guideline (Ayers and Westcot
1985), which in turn is referred by international guidelines of the World Health Organization
(WHO 2016) and the United States Environmental Protection Agency (USEPA 2012). Bucks
system is based on recommendations from the authors to prevent clogging and an arbitrary scale
to rate water quality. Bucks et al. (1979) acknowledged that additional research was required to
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improve the classification system. This classification system remained unchanged until Capra
and Scicolone (1998) did a field survey in which they proposed a new classification system after
evaluating the relationships between water quality and emitter performance. Both classification
systems are based on observational field data in which the authors had limited control on the
levels of the observed variables. Therefore, it is important to collect experimental data to follow
up on the work started by Bucks et al. (1979), Capra, and Scicolone (1998) by finding potential
indicators that may improve the reliability of the guidelines at predicting clogging.
The aim of the research projects in this dissertation was to understand how water quality
influences the incidence of clogging in greenhouse irrigation systems and how these same
parameters may also affect plant quality and health.
Biofilms
Microbial biofilms form when bacteria attach to inert or living surfaces, multiply, and
enclose themselves in a matrix of extracellular polysaccharides (EPS) (Jones et al. 1969; Zobell
1943). Biofilms accumulate on the inside surface of irrigation systems and result in clogging of
irrigation emitters and distribution pipes (Adin 1986; Adin and Sacks 1991; Gilbert et al. 1981;
Oliver et al. 2014; Yan et al. 2009). Biofilm prevention and removal from irrigation systems has
been traditional done with chemical oxidizers, like chlorine or peroxides (Capra and Scicolone
2007; Gilbert et al. 1981; LeChevallier et al. 1988; Mayack et al. 1984; Raudales et al. 2014b;
Ridgway et al. 1984). Greenhouse growers reported that technologies that have residual effect
throughout the irrigation system, with the potential to control biofilm, could also result in
phytotoxicity (Raudales et al. 2014a). A treatment option that effectively removes biofilm
throughout the irrigation system without affecting plants and components of irrigation systems is
yet to be developed.
2

Microbial attachment is faster and more abundant on hydrophobic surfaces—such as
polyethylene (PE) and polyvinyl chloride (PVC)—than on hydrophilic surfaces—such as glass
and mica— (Bendinger et al. 1993; Fletcher and Loeb 1979; Pringle and Fletcher 1983). Active
flow creates shearing forces that erodes the biofilm, which may stimulate biofilm dispersion
through the surface (Lehtola et al. 2006; Stoodley et al. 2002, 2001). Studies that compare
biofilm accumulation on PVC and PE materials (Clark et al. 1994; Cloete et al. 2003; Hallam et
al. 2001; Manuel et al. 2007, Niquette et al. 2000) are inconclusive because the testing conditions
were different in each study. First, the studies lack information about the hydrophobicity and
topography of the tested materials which are not part of the manufacturing standard
specifications of PVC (ASTM D1784) and PE (ASTM D5530) pipes, suggesting that these
properties may not be consistent. Second, the flow velocity was different in each study and none
tested periods of stagnation which happen in irrigation systems. Therefore, it is unknown if the
physical differences between PE and PVC pipes affect biofilm formation under flow conditions
commonly found in greenhouse irrigation systems. Choosing the right components and matching
them to irrigation practices could delay biofilm accumulation inside pipes. Therefore, biofilm
accumulation by the pipe material and the frequency of irrigation was evaluated.
The interactions of biofilms inside irrigation pipes with nutrient solutions and waterborne
plant pathogens has not been studied. Microbial biofilms are used in wetland ecosystems, mine
wastewater treatment, bed reactors, and biologically active carbon systems to remove pesticide
residues, organic compounds, and inorganic elements (such as Cd, Cu, Fe, Mn, N, Ni, P, and Zn)
from water. (Æsøy et al. 1998; Aspegren et al. 1998; Bjornberg et al. 2009; Ferris et al. 1989;
Hansel et al. 2001; Hem et al. 1994; Jewell et al. 1983; Mariñelarena and Di Giorgi 2001; Mases
et al. 2010; McQuarrie and Boltz 2011; Morató et al. 2014; Odegaard 2006; Ødegaard et al.
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2000). This suggests that biofilms inside pipes may affect plant growth by limiting the
availability of nutrients in solution.
Some microorganisms have been reported to use organic compounds that leach from
pipes as a carbon source to grow as biofilms thus preventing those compounds from getting in
the water (Skjevrak et al. 2005; Wen et al. 2015). Plants are able to uptake compounds that leach
from pipes such as organotin, phthalates, bisphenol-A, and 4-nonylphenol which can cause
phytotoxicity (Bokern et al. 1998; Buta 1975; Chen and Yen 2013; Fargašová 1997; Ferrara et al.
2006; Hannay and Millar 1986; Liao et al. 2009, 2006; Melin and Egnéus 1983; Qiu et al. 2013;
Segev et al. 2009). Therefore, biofilms inside pipes could protect plants from phytotoxic
compounds that leach from plastic pipes. In the rhizosphere, some root–colonizing biofilms can
promote plant growth by releasing compounds that increase stress tolerance, increase nutrient
uptake and availability, act as biocontrol against pathogens, and recruit beneficial microbial
communities to the rhizosphere (Bianciotto et al. 2001; Coolen et al. 2016; de Werra et al. 2009;
Etemadi et al. 2018; Fernandez et al. 2012; Fujishige et al. 2006; Gage 2004; Haggag and
Timmusk 2008; Johnson et al. 2015; Liu et al. 2018; Patten and Glick 2002; Russo et al. 2006;
Timmusk et al. 2005; Vayssières et al. 2015; Waqas et al. 2012; Worchel et al. 2013). On the
other hand, biofilms may become a reservoir for pathogens by protecting them from desiccation,
ultraviolet radiation, disinfectants, antimicrobial compounds, and can be a site for genetic
exchange and synergistic interactions (Bower and Daeschel 1999; Costerton et al. 1995; Davey
and O’toole 2000; Joseph et al. 2001; Lapidot et al. 2006; Mercier and Lindow 2000; Molina et
al. 2004; Monier 2002; Morris et al. 1997; Pachepsky et al. 2011; Scher et al. 2005; Shelton et al.
2013; Wingender and Flemming 2011; Yaron and Römling 2014). Therefore, this project aimed
to determine if the presence of biofilms inside pipes can affect the incidence of root rot disease.
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TSS clogging threshold
Bucks et al. (1979) and Capra and Scicolone (1998) rate emitters at high risk of clogging
with TSS levels above 160 mg·L-1 and 400 mg·L-1, respectively. However, Lavanholi et al.
(2018), Niu et al. (2013), Oliveira et al. (2017), and Oliver et al. (2014) found that emitters did
not clog but their performance decreased at TSS levels above the recommended levels. None of
the previous research evaluated how TSS and ferric iron affect the performance of emitters with
anti–drain mechanism (ADM). Greenhouse irrigation systems run frequently, requiring emitters
with ADM because the ADM keeps the pipes filled with water and ready for the next irrigation.
Therefore, it is important to determine the concentrations of TSS that affect the performance of
pressure–compensated drippers with ADM and consequently plant quality.
The research projects undertaken for this dissertation were designed to understand how to
manage water quality and biofilms to prevent clogging in irrigation systems in greenhouses. This
information is critical to identify water treatment needs that will allow growers to make efficient
use of irrigation water. The following chapters present five major research areas
•

Chapter 2: The first study was a water quality survey of greenhouses that reported
clogging of the irrigation system. The aim of this survey was to determine if current
guidelines to assess clogging can predict and identify the causes of clogging in
greenhouse irrigation systems. The survey also aimed to characterize the microbial
communities in these systems.

•

Chapter 3: The second study was designed to evaluate if the combination of pipe material
and irrigation frequency affects the accumulation of biofilm in irrigation pipes. Biofilm
growth was observed in PVC and PE pipes with solution flowing continuously, at 30 s
every 9.5 min, and at 2 min at 8:00 a.m. and 12:00 p.m. The goal was to make practical
5

recommendations that will help growers make decisions about the irrigation system
components and scheduling that will delay the accumulation of biofilms inside pipes.
•

Chapter 4: The objective of the third study was to determine if the presence of biofilms
inside irrigation pipes affect plant growth and the incidence of poinsettia root rot caused
by Pythium aphanidermatum. This study aimed to identify additional impacts of having
biofilms inside pipes besides emitter clogging.

•

Chapter 5: The objective of the experiment was to determine the thresholds at which TSS
affect the performance of pressure–compensated drip emitters with anti–drain mechanism
and quality of ornamental plants (Impatiens and Geraniums). The aim was to establish a
TSS reference level to treat irrigation water to prevent clogging.
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Chapter 2: Evaluating Water Quality Tests to Assess the Risk of Clogging in Greenhouse
Irrigation Systems
Presented in the format for publication in the journal of HortScience
Summary
Chemical, biological, and physical parameters of water quality are used to classify the risk water
sources pose on clogging irrigation systems. The objective was to evaluate if the classification
systems could identify the cause of clogging in water sources and irrigation systems in
greenhouses. Water samples were collected at the source and at the emitters in eight commercial
greenhouses that reported clogging of emitters. The water sources included wells, publictreatment facilities (‘public’), ponds, and recirculated-nutrient solutions. The physical, chemical,
and biological properties of the samples were measured to rate the risk of clogging according to
the water classification systems. The risk of clogging was low in well and municipal water, high
for pond water attributed to high biological load, high on recirculated nutrient solutions
attributed to high biological load and concentration of chemicals. Increasing concentrations of
iron and manganese — from the fertilizers— and bacteria resulted in increased risk rating.
Current ratings disregard interactions among water quality parameters that cause precipitation,
disregard the qualitative characteristics of microbial populations (e.g, bacteria producing high
concentrations of polysaccharides or aggregation dynamics), and overemphasize the
concentration of nutrients in fertigation as the cause of clogging. Based on these results, it is
suggested that the reliability of the classification systems could increase if they consider
interactions that lead chemical precipitation and if they use molecular methods to screen for
iron–oxidizing and floc–forming bacteria. Further research needs to determine the thresholds at
which these indicators affect emitter performance to a level that impacts profitability.
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Clogging of irrigation systems is caused by suspended particles (organic and inorganic),
chemical precipitates (calcium, magnesium, iron, and manganese), and biological agents (biofilm
and algae) or a combination of these factors (Adin 1986; Adin and Sacks 1991; Bucks et al.
1979; Capra and Scicolone 1998; Hao et al. 2017; Nakayama and Bucks 1991). Clogging affects
irrigation uniformity (Capra and Scicolone 1998), emitter-discharge efficiency (Ravina et al.
1992), decreases crop yield (Sadeh and Ravina 2000), and increases production costs (Raudales
et al. 2017). Raudales et al. (2017) reported that a commercial floriculture operation with 20
acres of greenhouses and five acres of unprotected nursery spent annually $152,597 in labor and
materials associated with removing clogged emitters. Therefore, identifying water quality
parameters involved in clogging is critical to develop management strategies to prevent irrigation
clogging.
Bucks et al. (1979) and Capra and Scicolone (1998) proposed systems to assess the risk
of clogging of drip irrigation using chemical, physical and biological parameters as the
framework to rate and classify water sources. Bucks et al. (1979) developed a 10-point scale
(where 0 represented the lowest risk and 10 represented the highest risk) in which suspended
solids, dissolved solids, iron/manganese levels, and amount of bacteria were individually rated
(Table 1). In 1998, Capra and Scicolone (1998) proposed an alternative classification after
evaluating the relationships between physical and chemical water quality parameters and emitter
performance. This classification system was based on observational data from samples collected
in 21 locations where authors did not control the levels of water parameters. Some researchers
argued that the classification systems were not reliable at predicting emitter clogging because
they observed either clogged emitters under the critical levels or no clogged emitters at levels
above the critical levels (Capra and Scicolone 2004; Niu et al. 2013; Oliver et al. 2014).
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Surveys and reviews on water quality have been conducted to assess nutrient content
(Argo et al. 1997), emitter performance (Capra and Sicolone 1998), pathogen diversity (Hong
and Moorman 2005), and sanitizer demand (Meador et al. 2012) in irrigation water. None have
attempted to evaluate the reliability of both classification systems to predict clogging in
greenhouses and identify the presence of bacteria that may be involved in clogging.
The objectives of this project were:
1. To determine if the water classification systems developed by Bucks et al. (1979) and
Capra and Scicolone (1998) can predict the risk of clogging and identify causes of
clogging in greenhouses that reported clogging problems.
2. To characterize the microbial community composition of irrigation water sources in
greenhouses with clogging problems.
Materials and methods
Locations
Sampling was conducted in commercial greenhouses and nurseries that reported constant
and complete clogging of irrigation emitters in Connecticut. Four locations were sampled during
April–May 2015, one during June 2016, and nine during July–August 2017. The water source
used in locations 1 to 5 was well water, location 6 used municipal water, and locations 7 and 8
used pond water. Location 2 used well water and treated recirculated solution as sources for
different production bays.
Sample collection
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Samples were collected from the source, storage tanks (when available), and at the
emitters in triplicates using one-liter plastic containers. The recirculated solution source was
collected after filtration (membrane → fiber media →granular-activated carbon filters), activated
peroxygen, and iron-chelates injection. The valves were open, and water flowed for at least one
minute before collecting water samples. The samples were stored at 4°C and processed within 24
hours of collection.
Measurements and sample processing
The water chemical, physical, and biological quality were quantified to determine if the
classification systems can identify the causes of clogging in each location. The samples were
shipped to an analytical laboratory to measure the chemical parameters of pH, electrical
conductivity (EC), concentration of calcium (Ca2+), magnesium (Mg2+), bicarbonate (HCO31-),
calcium carbonate (CaCO3), iron (Fe2+), and manganese (Mn2+). Total dissolved solids (TDS)
were estimated by multiplying the EC in mS·cm-1 by a constant of 640 (Bauder et al. 2011). For
2017, total and soluble iron were measured according to the American Public Health Association
(APHA) standard method 3500-Fe D (APHA 1998) using Orion™ AQUAfast™ AC4078 kits
and the Orion™ AQUAfast™ AQ4000 colorimeter (Thermo Fisher Scientific, Beverly, MA).
Insoluble iron was calculated as the difference between total and soluble iron. The concentration
of total suspended solids (TSS) was determined using the APHA standard method 2540 D
(APHA 1998) to determine physical water quality. Briefly, up to 1 L of the sample was filtered
through a pre–weighed 47 mm diameter fiber glass filter 1 µm pore size (MilliporeSigma, St.
Louis, MO). The filter was dried at 105°C for an hour and the dry weight was measured using an
analytical scale. The concentration of TSS was determined by calculating the weight difference
of the filters and dividing that value by the volume of water filtered. The amount of aerobic

17

bacteria was measured through heterotrophic plate counts (HPC) according to the APHA
standard method 9215 C (APHA 1998). Briefly, 1 mL aliquots of each sample were used to
make four 10-fold dilutions, then 100 µL of each dilution were spread on 100 mm petri dishes
with Reasoners 2A agar media (Becton, Dickinson and Company, Franklin Lakes, NJ). The
plates were incubated for 48 h at room temperature in the dark, and then the number of
individual colonies were counted.
DNA sequencing and microbial community characterization
In 2017, DNA was extracted from water samples from locations 1, 2, 5, 6, 7, and 8. Up to
1 L of the sample was filtered through a 0.22 µm pore size supor membrane filter (Pall
Corporation, Port Washington, NY) then DNA was extracted using the DNeasy PowerWater kit
(QIAGEN GmbH, Germany). The DNA was sent to the Microbial Analysis, Resources, and
Services (MARS) laboratory at the University of Connecticut for sequencing and microbial
community characterization. The DNA samples were sequenced using the Illumina® Miseq
platform (Illumina Inc., San Diego, CA). DNA was quantified using the Quant-iT PicoGreen kit
(Thermo Fisher Scientific Inc., Beverly, MA). Partial bacterial 16S rRNA (V4) and fungal ITS2
genes were amplified using 30 ng extracted DNA as template. The V4 region was amplified
using 515F and 806R primers with Illumina adapters and dual indices (8 basepair golay on 3’
(Caporaso et al. 2012), and 8 basepair on the 5’ (Kozich et al. 2013). The ITS2 region was
amplified with ITS3 and ITS4 primers (White et al. 1990) using the same dual indexing design
as the V4 region. Samples were amplified in triplicate using Accuprime PFX PCR master mix
(Thermo Fisher Scientific Inc., Beverly, MA) with the addition of 10 µg BSA (New England
BioLabs, Ipswich, MA). The PCR conditions consisted of 95˚C for 2 minutes, then 30 cycles of
15 s at 95.0°C, 1 minute at 55°C, 1 minute at 68°C, and a final extension as 68°C for 5 minutes.
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PCR products were pooled for quantification and visualization using the QIAxcel DNA Fast
Analysis (QIAGEN GmbH, Germany). PCR products were normalized based on the
concentration of DNA from 250–400 bp then pooled using the QIAgility liquid handling robot.
The pooled PCR products were cleaned using Mag-Bind RXNPure Plus (Omega bio-tek,
Norcross, GA) according to the manufacturer’s protocol. The cleaned pool was sequenced on the
MiSeq using v2 2x250 base pair kit (Illumina, Inc., San Diego, Ca).
Sequences were demultiplexed using onboard bcl2fastq then processed in Mothur v.
1.39.4 following the MiSeq SOP (Kozich et al. 2013). Exact commands can be found here
https://github.com/krmaas/bioinformatics/blob/master/mothur.batch. Merged sequences that had
any ambiguities or did not meet length expectations were removed. Sequences were aligned to
the Silva nr_v119 alignment (Quast et al. 2013). Taxonomic identification of OTUs was done
using the RDP Bayesian classifier (Wang et al. 2007) against the Silva nr_v119 taxonomy
database. Alpha (inverse Simpson index) and beta diversity (Bray-Curtis dissimilarity) statistics
were calculated by taking the average of 1,000 random subsampling to 10,000 reads per sample
in Mothur. Non–metric multidimensional scaling (NMDS) and permutational multivariate
analysis (PERMANOVA) were conducted using the vegan package (Oksanen et al. 2015) in R
3.3.2. A subsampled species matrix was used for indicator species analysis (Cáceres and
Legendre 2009). Figures were drawn in R 3.3.2 using ggplot2 2.2.1 (Wickham 2011) and
RColorBrewer 1.1-2.
Clogging risk rating
The samples were rated according to the Bucks et al. (from now on referred to as “Bucks
system”, Bucket et al. 1979) and Capra and Scicolone (from now on referred to as “Capra and
Scicolone system”, Capra and Scicolone 1998) to determine the risk of emitter clogging. The
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Bucks system (Table 1) rates the physical, chemical, and biological clogging potential of
irrigation water in drip irrigation. Each parameter is rated from 0 to 10 going from low to high
clogging risk, respectively. The highest rated value among dissolved solids, iron, and manganese
was selected to represent the chemical category rating. The rating for iron/manganese clogging
was multiplied by two if the water pH was above 7.5. A sample with a combined rating of “0–0–
0” was considered excellent, whereas a sample with a “10–10–10” rating was poor. The water
samples were classified as posing a low risk of emitter clogging if the sum of the physical–
chemical–biological ratings was below 10, moderate if the sum was between 10 and 20, and high
if the sum was between 20 and 30. The Capra and Scicolone system consists on applying
clogging hazard ratings to individual clogging factors (Table 2). The clogging hazard ratings
were classified as minor, moderate, or severe. The ratings of the water samples from the source
and emitters were compared in order to observe how water quality changed as it flowed through
the irrigation system for each location.
Results and discussion
Clogging risk ratings None of the water sources rated high or severe overall risk using
either of the classification systems despite having clogging issues (Table 3). Well and municipal
water sources rated low on risk of biological clogging and moderate risk of chemical clogging,
while pond sources rated high on risk of biological clogging and low on risk of chemical
clogging (Table 3). It was not possible to identify the causes of clogging, using the classification
systems, in locations 1, 2 (well water source), 4, and 5. There was a decrease in water quality and
increase in clogging risk when the irrigation water was recirculated because the amount of
bacteria and nutrient content increased (Table 3–Location 2). Raudales et al. (2017) and
DeVicentis et al. (2015) argue that recirculated water has the potential to minimize runoff, save
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water and costs for greenhouse growers. However, irrigation systems are prone to clogging when
reusing wastewater which result in poor irrigation uniformity and efficiency (Capra and
Scicolone 2007; Liu and Huang 2009). Screen filters and emitters clogged in location 2 using
recirculated nutrient solutions despite the water treatment. Capra and Scicolone (2007) observed
that gravel media filters guaranteed the best emitter performance and screen filters were not
suitable for use with urban wastewater because they clogged and did not prevent emitter
clogging. Oliver et al. (2014), Liu and Huang (2009), and Zhou et al. (2017) found that emitters
with discharges above 2 L·h-1 and pathways wider than 1.5 mm were less sensitive to clogging
when using urban wastewater. Further research needs to determine if recommendations made for
urban wastewater can be transferred to recirculated nutrient solutions. For now, these
observations suggest that greenhouses that use recirculated nutrient solutions could lower the
incidence of clogging by using gravel media filters and drip emitters with a discharge above 2
L·h-1 and flow pathways wider than 1.5 mm.
The risk of clogging increased from the source to the emitters in locations 1, 2, 3, and 6
because the amount of bacteria increased and fertilizers were injected (Table 3). The risk of
clogging for treated recirculated solution did not change from source to the emitters (Table 3Location 2). These observations are similar to the results reported by Meador et al. (2012) in
which the amount of bacteria was higher at the farthest outlet compared with the source, hence
—based on the ratings— increasing the risk of biological clogging. The amount of planktonic
bacteria in water may be influenced by the presence of organic matter, nutrients, biofilms inside
pipes, and irrigation scheduling (Chapter 3; Lorite et al. 2012; Pachepsky et al. 2011). Ravina et
al. (1997) and Zhou et al. (2013) observed that emitters at the end of a lateral clogged more and
attributed this result to biofilm and microbial growth inside the pipes. These observations suggest
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that water treatment technologies with residual effects are required to prevent an increase of
biological clogging risk as water reaches the farthest emitter. Bucks et al. (1979), Capra and
Scicolone (1998), and Shinde et al. (2012) argue that the risk of chemical clogging increases
when fertilizers are added to the nutrient solution. Bozkurt and Bulent (2006) reported that drip
emitters are susceptible to clogging when using fertilizers that supply Ca and SO4. However,
fertigation is a standard practice in greenhouses (Nelson 2011) and not all systems result in
clogging. This suggests that the classification systems overestimate the risk of chemical clogging
when using fertigation. Therefore, it is recommended that the classification systems should
include indicators that consider specific interactions between water quality parameters that lead
to chemical precipitation rather than looking at the concentration of individual elements.
The risk-ratings for pond water sources decreased at the emitters because the
concentration of TSS and the amount of bacteria were lower at the emitters (Table 3). Bacteria
associate with suspended particles (Jeng et al. 2005) and the decrease of bacteria at the emitters
with pond water sources suggests that the filtration systems removed particles carrying bacteria.
Bacterial community characterization
Microbial diversity and community composition differed by location and type of water
source. Bacterial and fungal diversity was higher in pond water compared with well water
(Figure 1). PERMANOVA tests on the Bray-Curtis dissimilarity metric (Figures 2 and 3) show
that the microbial communities differed by locations (Bacteria: p=0.01 R2=0.56, Fungi: p=0.01
R2=0.67) and by water source (Bacteria: p=0.01 R2=0.22, Fungi: p=0.02 R2=0.39). The
microbial communities were similar (Bacteria: p=0.99 R2=0.19, Fungi: p=0.80 R2=0.51) in the
water source and at the emitters, despite the overall increase in the amount of bacteria (Figures 2
and 3). Pond water sources had similar bacterial communities and they differed from well and
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municipal water sources (Figure 2). Well water sources had similar fungi communities and they
differed from pond and municipal water sources. Lindström (2000) and Yannarell et al. (2003)
propose that microbial diversity of lakes and ponds depend on the level of eutrophication and
seasonality. The microbial diversity of groundwater sources depends on spatial heterogeneity,
temporal variability, depth, and pollution with chemical anthropogenic contaminants (Griebler
and Lueders 2009; Pedersen et al. 2008). There is no information in the data to point towards
evidence that may explain the variability of microbial communities. Presumably, the bacterial
communities were similar within pond water sources because they were collected during the
summer season of 2017. With well water sources, the variability of microbial diversity may be
explained by differences in geographic location and other unaccounted factors (such as well
depth).
Microbial composition by water source. The bacterial community of irrigation water
had bacteria with the potential of clogging because of their ability to attach to surfaces, oxidize
iron, form biofilms, and form flocs —loosely aggregated particles (Figure 4). The bacteria
genera Asticcacaulis, Caulobacter, Prosthecobacter, and Sporichthya use holdfasts or prosthecae
to attach to surfaces (Poindexter 2015; Schlesner 1992; Tamura 2014; Umbreit and Pate 1978).
The bacteria genera Acidiferrobacter, Ferriphaselus, Gallionella, Sideroxydans, and TRA3-20
(unclassified) have filamentous growth and oxidize ferrous iron, which may result in emitter
clogging (Hallbeck and Pedersen 2014; Hallberg et al. 2011; Kato et al. 2014; Nicomrat et al.
2008; Reis et al. 2014). Some strains within the bacteria genera Hymenobacter, Pseudomonas,
Rhizomicrobium, and Rhodobacter grow as biofilms in the rhizosphere and produce extracellular
polysaccharides, but it remains unknown if they form biofilms inside irrigation pipes (Andrews
et al. 2010; Oren 2006; Puskas et al. 1997; Ueki 2018). The bacteria genera Gordonia,
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Crenothrix, Alkanindiges, Singulisphaera, Phenylobacterium, Blastocatella, and Zoogloea form
aggregates (flocs) which may result in clogged irrigation systems (Arenskötter et al. 2004; Bogan
et al. 2003; Dugan et al. 1992; Eberspächer and Lingens 2006; Foesel et al. 2017; Kulichevskaya
et al. 2012; Oswald et al. 2017). The bacteria present in the tested water samples have
phenotypic adaptations (e.g., adhesion to surfaces, exopolysaccharide production, and
chemotrophic metabolism) that can be used to develop molecular screening methods to quantify
the biological clogging potential in a water sample.
The fungal community of irrigation water had no known ability to clog irrigation
systems. Figure 5 shows that the fungi present in the water samples were soil–borne
saprotrophs, plant or human pathogens, and facultative fungicolous or insecticolous (Kurtzman
and Robnett 1991, Lombard et al. 2015, Martorell et al. 2005, Suh et al. 2006, Urbina and Aime
2018).
Integration of water quality parameters and microbial communities.
Biological clogging. Locations 2 (well water) and 5 were classified as having low risk of
clogging (Table 3) despite the visual presence of filamentous growth blocking screen filters, drip
emitters, and tubing (Figures 6 and 7). Well water in location 2 contained photosynthetic
(Obscuribacteriales and Elstera), biofilm– and floc–forming bacteria (Figure 4). The water in
location 5 had low numbers of aerobic bacteria (Table 3), but photosynthetic (Chromatiales and
Obscuribacteriales), iron–oxidizing, and floc–forming bacteria were present (Figure 4). These
observations suggest that the presence and abundance of specific bacteria may be a more relevant
indicator of clogging than the amount of aerobic bacteria in irrigation water. The amount of
aerobic bacteria has been the sole indicator of biological risk of clogging and the previous
observations suggests that it is not a reliable indicator to assess biological clogging. This is
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because the HPC method only quantifies the culturable organisms present in water and gives no
indication of bacteria with phenotypes that may result in clogging. Finding molecular or
biochemical markers that screen for clogging–related traits is challenging because bacteria have
different genes and functions involved in iron oxidation (Bonnefoy and Holmes 2012, Chan et al.
2018, Emerson et al. 2010) and floc formation (An et al. 2016, Beloin and Ghigo 2005). Further
research is needed to find markers that can be used to quantify biological clogging risks in
irrigation systems.
Management practices change parameters of water, which may in consequence affect the
risk of emitter clogging. Location-6 samples rated low and moderate at the source and emitter,
respectively (Table 3). The rating changed at the emitter because the amount of bacteria, TDS,
and magnesium levels increased (Table 3). This location had a constant injection of fertilizers
which explains the increase in the chemical rating and nutrient levels at the emitter (Table 3).
The nutrient solution was prepared in an open container that was placed in a trench at ground
level, then pumped to storage tanks, from there it passed through a 60-mesh screen filter that had
a transparent housing. A green filamentous growth was visible inside the screen filter. Nutrient
solution at the emitter contained photosynthetic, biofilm–forming and surface attaching bacteria
(Figure 4). The biological clogging risk increased because of possible contamination in the open
mixing tank and the transparent screen filter housing that allowed light transmission and hence
the growth of photosynthetic organisms. These results show that inadequate management
practices can decrease water quality and increase the risk of clogging.
Chemical clogging. Iron build-up was suspected as the cause of clogging in locations 1
and 3 because there were rust stains on emitters and inside the housing of disk filters. However,
in location 1 the samples rated low on chemical clogging risk, while in location 3 the samples
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rated moderate on manganese clogging risk (Table 3). The results from the commercial
laboratory test showed no iron present in the irrigation water in 2015 (Table 3). In 2017, the
concentrations of total, soluble (iron II), and insoluble (iron III) iron were measured along with
the commercial laboratory tests for all locations. In locations 1 and 3, the insoluble iron was
present at 0.8 mg·L-1 and 2.5 mg·L-1, while the levels of iron reported by the commercial
laboratory were of 0.3 mg·L-1 and 0.2 mg·L-1, respectively. At these concentrations of insoluble
iron, the samples were classified as having moderate to high risk of chemical clogging. The
water samples in location 1 also had iron–oxidizing bacteria (Figure 4). Iron precipitation
depends interactions between chemical and biological processes. The standard water suitability
tests for irrigation water for horticultural operations only measures the available iron for the
plants, not the total iron or biological oxidation of iron. Hence, testing for total iron and for the
presence of iron–oxidizing bacteria as indicators to assess the iron clogging potential of
irrigation water is recommended. The classification systems need an indicator that measures iron
precipitation potential by accounting for chemical and biological processes.
In location 4, the emitters of the irrigation boom were clogged with a white mineral
precipitate which suggested chemical precipitation. However, the water samples in location 4
were classified as having low risk of emitter clogging based on the concentration of calcium
(Table 3). The water was classified as moderately hard based on the levels of CaCO3 and HCO3(U. S. Geological Survey 2016). This suggests that the degree of chemical precipitation depends
on the interaction between multiple parameters rather than the concentration of individual
elements. A single indicator that explains these interactions is needed to estimate the chemical
clogging risks. For example, the Langelier saturation index (LSI) estimates the degree of
saturation of water with respect to calcium carbonate by considering the alkalinity, ionic
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strength, TDS, and pH of a sample (Bower et al. 1965; Larson et al. 1942). LSI values between 2 and 0 indicates that CaCO3 will remain in solution and values between 0 and 2 indicates that
CaCO3 precipitation may occur (Rafferty 1999). The LSI for this location was below 0
suggesting no CaCO3 precipitation. However, the sample at the emitter had no dissolved
fertilizers and the temperature of the water inside the pipes was not monitored at the moment of
collection. The classification systems can include the LSI as an indicator of scale formation to
assess chemical clogging risk of irrigation water. It is important to determine the levels of LSI at
which emitter performance and profitability is affected.
Conclusion
The classification systems were a useful tool to compare the relative risks between samples
in the same location (i.e., from source to emitter and between water sources), but not as a
predictor of clogging. The systems did not provide enough insight about the specific cause of the
problem or hazard level. The major limitations encountered were that the assumptions of the
classification systems do not consider interactions among chemical and microbial factors, the
qualitative characteristics of microbial communities, and outweigh the value of chemical
clogging —even when the severe range included levels typically applied in fertigation in
greenhouses. Further research needs to develop indexes that consider interactions among water
quality parameters that lead to clogging and the levels at which these indexes may affect
irrigation performance. Identifying the specific cause of clogging is important for growers who
aim to prevent problems with a targeted treatment option.
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Tables and figures
Table 1 Classification system to rate irrigation water sources by their risk to clog drip irrigation
systems (for emitters with a discharge below 12L·h-1) developed by Bucks et al. 1979.

RatingX
0
1
2
3
4
5
6
7
8
9
10

Physical
Suspended solids
(mg·L-1) Y
<10
<20
<30
<40
<50
<60
<80
<100
<120
<140
>160

Chemical
Dissolved solids
Iron/ Manganese
-1
(mg·L )
(mg·L-1)
<100
<0.1
<200
<0.2
<300
<0.3
<400
<0.4
<500
<0.5
<600
<0.6
<800
<0.7
<1000
<0.8
<1200
<0.9
<1400
<1.0
>1600
>1.1

X

Biological
Aerobic bacteria
(CFU·mL-1)Z
<100
<1000
<2000
<3000
<4000
<5000
<10000
<20000
<30000
<40000
>50000

Each physical, chemical, and biological parameter is assigned a rating from 0 to 10 based on the water
testing results. For the chemical rating, select the one with the highest rating between dissolved solids,
iron, or manganese concentration. If the pH was above 7.5 the chemical rating was multiplied by two.
A water sample with combined rating of 0-0-0 is considered excellent, and a rating of 10-10-10 is
considered poor. Low risk of clogging is expected if the added value of the three ratings is below 10.
Moderate risk of clogging is expected if the added value of the three ratings is between 10 and 20. High
risk of clogging is expected if the added value of the three ratings is between 20 and 30.
Y
1 mg·L-1 = 1 ppm
Z
Colony forming units per milliliter
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Table 2 Classification system to rate irrigation water sources by their risk to clog drip irrigation
systems (for drippers and microjets with a discharge between 4–161 L·h-1) developed by Capra
and Scicolone 1998.

Clogging factors
Total suspended solids (mg·L-1) Z
Electrical conductivity (mS·cm-1)
Total iron (mg·L-1)
Manganese (mg·L-1)
Calcium (mg·L-1)
Magnesium (mg·L-1)

Clogging hazard ratingY
Minor
Moderate
Severe
<200
200₋400
>400
<1
1.0₋4.5
>4.5
<0.5
0.5₋1.2
>1.2
<0.7
0.7₋1.0
>0
<250
250₋450
>450
<25
25₋90
>90

Y

A water sample is rated as having minor, moderate, and severe risk of clogging for each factor if the
values of the water test falls between the stated values.
Z
1 mg·L-1 = 1 ppm
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Table 3 Water quality parameters and clogging risk ratings of samples collected in greenhouses and nurseries.
Minor
0 1

2

3

Moderate
4 5 6

Water quality
parameter Y
TSS (mg·L-1)
pH
EC (mS·cm-1)
TDS (mg·L-1)
HPC (Log10 CFU·mL-1)
Fe (mg·L-1)
Mn (mg·L-1)
Ca (mg·L-1)
Mg (mg·L-1)
HCO3 (mg·L-1)
CaCO3 (mg·L-1)
Rating according to
Bucks et al. (1979) Z

7

8

Severe V
9 10 W
Location 1X

Well 1
0XY
7.3
0.3
218
151
0.0
0.1
37
8
76
66
Low

±SD
0
0.7
0.1
40
125
0.0
0.1
14
1
34
23

Well 2
1
7.5
0.3
187
13
0.1
0.2
31
9
102
93
Low

±SD
2
0.3
0.0
2
23
0.1
0.0
1
0
15
14

Emitter
1
7.1
0.3
209
19397
0.1
0.2
35
9
105
97

±SD
1
0.8
0.0
19
44409
0.1
0.1
5
1
8
18

Well
0
6.9
0.1
94
607
0.0
0.0
16
3
39
34

Low

±SD
0
0.5
0.0
26
902
0.0
0.0
3
1
2
4

Low

Emitter
2
6.7
0.5
309
9591
0.1
0.0
22
15
37
33
Low

±SD
2
0.4
0.5
316
9073
0.2
0.1
10
18
6
6

Location 2
Treated
recirculated
6
5.4
1.0
666
263583
1.2
0.1
42
35
26
22

±SD
4
0.5
0.3
163
101813
0.5
0.1
1
7
22
18

Moderate

Emitter
recirculated
4
6.1
1.0
668
256333
1.1
0.1
38
38
46
39

Moderate

±SD: Standard deviation.
V
According to Capra and Scicolone 1998: A water sample is rated as having Low, Moderate, and Severe (Font format) risk of clogging for each
factor if the values of the water test falls between the stated values (see table 2 for values).
W
According to Bucks et al. (1979): Each physical, chemical, and biological parameter is assigned a rating from 0 to 10 based on the water testing
results (See table 1 for rating values). For the chemical rating, select the one with the highest rating between dissolved solids, iron, or manganese
concentratifaon. If the pH was above 7.5 the iron rating was multiplied by two.
X
Water sources: well locations 1 to 5, public location 6, pond locations 7 and 8.
Y
1 mg·L-1 = 1 ppm; 1 mS·cm-1 = 1,000 µS·cm-1 = 1 mmho·cm-1, TSS: total suspended solids, EC: electrical conductivity, TDS: total dissolved
solids, HPC: heterotrophic plate counts
Z
A water sample with combined rating of 0-0-0 is considered excellent, and a rating of 10-10-10 is considered poor. Low risk of clogging is
expected if the added value of the three ratings is below 10. Moderate risk of clogging is expected if the added value of the three ratings is between
10 and 20. High risk of clogging is expected if the added value of the three ratings is between 20 and 30.

37

±SD
2
0.6
0.2
152
75141
0.9
0.0
4
10
37
30

Continued from table 3
Minor
Moderate
0
1 2 3 4 5 6 7 8
Water quality
parameter Y
Well
TSS (mg·L-1)
2
pH
7.1
EC (mS·cm-1)
0.6
TDS (mg·L-1)
392
HPC (Log10 CFU·mL-1)
214
Fe (mg·L-1)
0.1
Mn (mg·L-1)
1.0
Ca (mg·L-1)
66
Mg (mg·L-1)
23
-1
HCO3 (mg·L )
242
CaCO3 (mg·L-1)
220
Rating according to
Bucks et al. (1979) Z

Severe V
9
10 W
Location 3 X
±SD
Emitter
1
3
0.2
7.1
0.0
0.6
25
393
77
340
0.1
0.1
0.2
1.0
4
66
2
23
3
244
21
221

Low

±SD
1
0.3
0.4
25
313
0.1
0.1
3
1
6
19

Moderate

Well

±SD
0
0.0
0.0
6
26
0.0
0.0
1
0
1
1

0
7.2
0.7
446
910
0.0
0.0
80
9
113
93

Low

Location 4
Tank ±SD Emitter ±SD
4 3
5 2
7.2 0.1
7.4 0.1
0.7 0.0
0.8 0.0
465 3
486 5
737 78
373 150
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
83 1
85 1
9 0
10 0
110 5
120 5
90 4
98 2
Low

Low

Well
0
7.9
0.4
254
10
0.0
0.0
43
19
154
126

Location 5
±SD Emitter
0
0
0.0
7.9
0.0
0.3
4
213
10
3850
0.0
0.0
0.0
0.1
0
31
0
9
2
87
1
71

Low

Low

1 mg·L-1 = 1 ppm; 1 mS·cm-1 = 1,000 µS·cm-1 = 1 mmho·cm-1
±SD: Standard deviation.
V
According to Capra and Scicolone 1998: A water sample is rated as having Low, Moderate, and Severe (Font format) risk of clogging for each
factor if the values of the water test falls between the stated values (see table 2 for values).
W
According to Bucks et al. (1979): Each physical, chemical, and biological parameter is assigned a rating from 0 to 10 based on the water testing
results (See table 1 for rating values). For the chemical rating, select the one with the highest rating between dissolved solids, iron, or manganese
concentratifaon. If the pH was above 7.5 the iron rating was multiplied by two.
X
Water sources: well locations 1 to 5, public location 6, pond locations 7 and 8.
Y
1 mg·L-1 = 1 ppm; 1 mS·cm-1 = 1,000 µS·cm-1 = 1 mmho·cm-1, TSS: total suspended solids, EC: electrical conductivity, TDS: total dissolved
solids, HPC: heterotrophic plate counts
Z
A water sample with combined rating of 0-0-0 is considered excellent, and a rating of 10-10-10 is considered poor. Low risk of clogging is
expected if the added value of the three ratings is below 10. Moderate risk of clogging is expected if the added value of the three ratings is between
10 and 20. High risk of clogging is expected if the added value of the three ratings is between 20 and 30.
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±SD
0
0.0
0.0
16
15
0.0
0.0
0
0
0
0

Continued from table 3
Minor
Moderate
Severe V
0 1 2 3 4 5 6 7 8 9 10 W
Location 6 X
Water quality
Y
parameter
Municipal ±SD Emitter
TSS (mg·L-1)
0 0
3
pH
8.1 0.0
5.5
EC (mS·cm-1)
0.5 0.0
2.9
-1
TDS (mg·L )
350 7
1837
HPC (Log10 CFU·mL-1)
87 91
13400
Fe (mg·L-1)
0.0 0.0
0.3
Mn (mg·L-1)
0.0 0.0
0.6
Ca (mg·L-1)
79 1
232
Mg (mg·L-1)
12 0
50
-1
HCO3 (mg·L )
8 0
182
CaCO3 (mg·L-1)
7 0
149
Rating according to
Bucks et al. (1979) Z

Low

±SD
0
0.0
0.0
11
1768
0.0
0.0
0
0
0
0

Moderate

Pond
57
7.1
0.3
204
197083
0.2
0.0
22
9
59
52

Location 7
±SD
Emitter
59
8
0.6
7.0
0.1
0.3
41
174
274383
30767
0.2
0.4
0.0
0.0
7
19
3
7
19
59
6
52

Moderate

±SD
2
0.5
0.0
20
34893
0.4
0.0
0
0
13
11

Low

Pond
3
7.9
0.3
209
59500
0.0
0.0
35
6
90
74

±SD
1
0.1
0.0
4
21266
0.0
0.0
0
0
0
0

Moderate

Location 8
Tank ±SD
1 1
7.9 0.1
0.3 0.0
194 4
70333 4163
0.0 0.0
0.0 0.0
33 0
5 0
83 1
68 1

Emitter
5
7.9
0.3
198
14183
0.0
0.0
34
5
86
70

Moderate

1 mg·L-1 = 1 ppm; 1 mS·cm-1 = 1,000 µS·cm-1 = 1 mmho·cm-1
±SD: Standard deviation.
V
According to Capra and Scicolone 1998: A water sample is rated as having Low, Moderate, and Severe (Font format) risk of clogging for each
factor if the values of the water test falls between the stated values (see table 2 for values).
W
According to Bucks et al. (1979): Each physical, chemical, and biological parameter is assigned a rating from 0 to 10 based on the water testing
results (See table 1 for rating values). For the chemical rating, select the one with the highest rating between dissolved solids, iron, or manganese
concentratifaon. If the pH was above 7.5 the iron rating was multiplied by two.
X
Water sources: well locations 1 to 5, public location 6, pond locations 7 and 8.
Y
1 mg·L-1 = 1 ppm; 1 mS·cm-1 = 1,000 µS·cm-1 = 1 mmho·cm-1, TSS: total suspended solids, EC: electrical conductivity, TDS: total dissolved
solids, HPC: heterotrophic plate counts
Z
A water sample with combined rating of 0-0-0 is considered excellent, and a rating of 10-10-10 is considered poor. Low risk of clogging is
expected if the added value of the three ratings is below 10. Moderate risk of clogging is expected if the added value of the three ratings is between
10 and 20. High risk of clogging is expected if the added value of the three ratings is between 20 and 30.
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±SD
3
0.0
0.0
0
2532
0.0
0.0
0
0
0
0

Low

80

a

b

Inverse Simpson Diversity Index

20
60
15

40
10

20
5

0
Pond
(N=7)

Well
(N=2)

Pond
(N=7)

Well
(N=7)

Figure 1 Microbial richness (alpha-diversity) by water source. Inverse Simpson Diversity Index of bacterial (a) and fungal (b) communities
in irrigation water of different sources. Municipal and recycled water sources were not included because only one data point could be
sequenced.
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Location
Location 1
Location 2
Location 5
Location 6
Location 7
Location 8

Sample type
Emitter
Emitter recirculated
Source
Source recirculated
Storage tank
Stress = 0.092

Figure 2 Bacterial community dissimilarity (beta-diversity metric) between location and sample type. Nonmetric multidimensional
scaling (NMS) analysis of operational taxonomic unit (OTU)–based clustering of irrigation water bacterial communities. Distances
were calculated using the Bray–Curtis similarity metric. Difference between centroids were tested using permutational multivariate
analysis of variance. Locations 1, 2, and 5 (
) used well water source; location 6 ( ) used public water source; locations 7 and 8
(
) used pond water source.
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Location
Location 2
Location 5
Location 6
Location 7
Location 8

Sample type
Emitter

Emitter recirculated
Source
Source recirculated
Storage tank
Stress = 0.076

Figure 3 Nonmetric multidimensional scaling (NMS) analysis of operational taxonomic unit (OTU)–based clustering of irrigation
water fungal communities. Distances were calculated using the Bray–Curtis similarity metric. Difference between centroids were
tested using permutational multivariate analysis of variance. Locations 2 and 5 (
) used well water source; location 6 ( ) used
public water source; locations 7 and 8 (
) used pond water source.
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Rhodocyclaceae_unclassified
Zoogloea
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Blastocatella
Phenylobacterium
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Bacteria genera relative abundance (%)

Asticcacaulis
Caulobacter
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Prosthecobacter
Sporichthyaceae_unclassified

30

Rhizomicrobium
Hymenobacter

25

Pseudomonas
Acidiferrobacter

20

Ferriphaselus
Gallionella

15

Gallionellaceae_unclassified
Sideroxydans

10

TRA3-20_unclassified
Gordonia

5

Singulisphaera
Alkanindiges

0

Crenothrix
Chromatiales_unclassified
Elstera
Leptolyngbya

Obscuribacterales_unclassified
Rhodobacter

Figure 4 Genus–level relative abundance of bacterial communities with biological clogging
potential in samples collected in 2017. The rest of the relative abundance percentage (not shown)
was made of other bacteria genera with no known clogging potential and operational taxonomic
units that were not classified to the genus level. No DNA amplified from the public water source
in location 6.
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100%
Sporidiobolales

Fungi order relative abundance

90%
80%
70%

Basidiomycota
unclassified

60%

Ascomycota unclassified

50%
Saccharomycetales

40%
30%

Hypocreales

20%
10%

Unclassified Fungi

0%
2

5

6
Location

7

8

Figure 5 Order–level relative abundance of fungi communities in the irrigation water of the
sampled locations in 2017.
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Figure 6 Floc blocking drip emitters (left) and tubing (right) at location 5.
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Figure 7 Filamentous growth inside screen filters in location 2. Top picture: clogging of screen
filters when using well water. Bottom picture: clogging of screen filters when using recirculated
nutrient solution.
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Chapter 3: Biofilm Growth by Pipe Material and Flow of the Solution
Presented in the format for publication in the journal of Irrigation Science
Abstract
Microbial biofilms accumulate in fertigation systems where prediction and prevention of
occurrence are not well-characterized yet. In this project, biofilm accumulation on two pipe
materials [polyethylene (PE) or polyvinyl chloride (PVC)] was measured under a continuous or
intermittent flow for four weeks. Total attached aerobic bacteria and total biofilm dry mass
served as indicators of biofilm accumulation. At the end of the experiment, the physical
properties of both pipe materials with and without biofilm was measured. Biofilm accumulated
more on PVC pipes than PE pipes when the solution flowed continuously or intermittently.
Surface hydrophobicity of PVC pipes decreased, and roughness of PVC and PE pipes increased
after biofilm colonization compared with new pipes. New PVC pipes in the first experimental
run had less biofilm than reused PVC pipes in the second experimental run. Changes in
roughness and hydrophobicity of the pipes after biofilm colonization may benefit regrowth and
dispersal of biofilm. These results suggest that the risk of clogging caused by biofilms can be
reduced by the pipe material and irrigation scheduling. The results also suggest that biofilms
establish better on materials that are easier to biodegrade and that changes to the surface of PVC
pipes, caused by biofilms, may facilitate biofilm regrowth.
Keywords: clogging, polymer, biofouling, bacteria, greenhouse
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Introduction
Biofilms accumulate on the inside surface of irrigation systems clogging emitters and
distribution pipes (Adin 1986; Adin and Sacks 1991; Gamri et al. 2014; Gilbert et al. 1981;
Green et al. 2018; Oliver et al. 2014; Yan et al. 2009). Clogging of irrigation affects irrigation
uniformity and efficiency (Capra and Scicolone 1998; Ravina et al. 1992), crop yield (Sadeh and
Ravina 2000), and production costs (Raudales et al. 2017). Farmers use chemical oxidizers, like
chlorine– or peroxide–based products, to remove or prevent biofilm build-up in irrigation
systems (Capra and Scicolone 2007; Gilbert et al. 1981; LeChevallier et al. 1988; Mayack et al.
1984; Raudales et al. 2014b; Ridgway et al. 1984). However, biofilm resistance to oxidizers has
been reported in the food and medical industry (Bridier et al. 2011; Davies 2003; Korukluoğlu
and Gülgör 2016; Mah and O’Toole 2001; Stewart 2002; Stewart and Costerton 2001). The
microbial diversity of biofilms and the development of antimicrobial resistance have led to
inconsistent control when using chemical treatments (Costerton et al. 1995; Gibson et al. 1999;
Mah and O’Toole 2001; Meyer 2003). Greenhouse growers reported that technologies that have
residual effect throughout the irrigation, with the potential to control biofilm, could also result in
phytotoxicity (Raudales et al. 2014a). A treatment option that effectively removes biofilm
throughout the irrigation without affecting plants and irrigation components is yet to be
developed. There is a need to evaluate if parameters of the irrigation system design affect biofilm
formation and then use this information to develop management strategies for agriculture and
other industries.
Biofilms form through a stepwise process that includes attachment, colonization, growth,
and dispersal (Characklis et al. 1990), disrupting any step in the process prevents biofilm
formation (Meyer 2003). The chemical and physical properties of the surface, the hydrodynamics

48

of the solution, chemical compounds in the solution, and characteristics of the microorganisms
affect microbial attachment, the first stage of biofilm formation. The focus of this project was to
determine the effect of pipe material and flow frequency on initial biofilm formation and
accumulation.
Polyvinyl chloride (PVC) and polyethylene (PE) are commonly used as pipe materials,
while very similar, these two materials hold dissimilarities that may affect biofilm accumulation
in irrigation systems. Microbial attachment is faster and more abundant on hydrophobic surfaces,
such as PE and PVC, compared with hydrophilic materials (e.g., glass and mica) (Bendinger et
al. 1993; Fletcher and Loeb 1979; Pringle and Fletcher 1983). Based on water contact angles,
PVC is less hydrophobic than PE (Pringle and Fletcher 1983; Simões et al. 2007; Teixeira and
Oliveira 1999). The ethylene polymers in PE are chemically less reactive than vinyl chloride
polymers in PVC, which makes PE more resistant to biodegradation and weathering compared
with PVC (Albertsson and Karlsson 1990; Orr et al. 2004; Otake et al. 1995). Some
manufacturers coat pipes with fluorocarbon, trimethylmethoxysilane, steric acid, or zinc oxides
to increase hydrophobicity (Favia et al. 2003; Li et al. 2003, 2006; Ren et al. 2003; Wu et al.
2002). Manufacturers are not required to report adding these coatings in the product description.
Cloete et al. (2003) and Hallam et al. (2001) observed more biofilm on PVC than PE with
potable water. Clark et al. (1994), Gamri et al. (2015), van der Kooij and Veenendaal (2001), and
Yu et al. (2010) observed more biofilm on PE than on PVC. Other researchers have reported no
difference in biofilm accumulation between PVC and PE (Manuel et al. 2007; Niquette et al.
2000; Wingender and Flemming 2004; Zacheus et al. 2000). Therefore, this information cannot
be used to inform farmers on how to manage or reduce the risk of biofilm accumulation.
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The flow of the solution affects microbial attachment to surfaces and biofilm growth and
dispersal. More bacteria have been recovered from surfaces with stagnant solutions compared to
solutions with active flow in drinking water systems (Ayoub and Malaeb 2006; Ling et al. 2018;
Manuel et al. 2009; Walker et al. 2000). In contrast, active flow also promotes biofilm growth by
promoting nutrients and oxygen exchange (de Beer et al. 1994; Rasmussen and Lewandowski
1998; Stoodley et al. 1998) and shearing forces which stimulate biofilm dispersion (Lehtola et al.
2006; Stoodley et al. 2002, 2001). In greenhouses, propagation sections have intermittent
irrigation and these sections tend to be the ones with highest incidence of clogging. Stagnant
solutions are conducive for bacterial growth and active-flow promotes dispersal of biofilm.
However, it is unknown if preventing stagnant or off-periods in the distribution pipe would affect
biofilm formation. In this project, a series of experiments were conducted to track biofilm
accumulation on two pipe materials (PE or PVC) at a continuous or intermittent flow for four
weeks. The aim of this project was to advance the understanding of how biofilm accumulates in
conditions found in greenhouse irrigation systems.
Materials and methods
Water Source
Water from an outdoor irrigation pond in Storrs, CT was collected on September 2nd and
October 25th, 2016 for experimental runs 1 and 2, respectively. The water had a pH of 7.0, 102
µS·cm-1 electrical conductivity (EC), 4,455 colony forming units (CFU) per mL of aerobic
bacteria, 3.1 mg·L-1 K, 15.3 mg·L-1 Ca, 2.5 mg·L-1 Mg, 11.3 mg·L-1 Na, 0.6 mg·L-1 PO43-, 24.2
mg·L-1 SO42-, 7.9 mg·L-1 Cl, 50.8 mg·L-1 HCO31-, 0 mg·L-1 CO32-, 0 mg·L-1 NH4+-N, 0 mg·L-1
NO3--N, 41.6 mg·L-1 CaCO3, 0.03 mg·L-1 Fe, 0.01 mg·L-1 Mn, 0.02 mg·L-1 B, 0.04 mg·L-1 Cu,
0.01 mg·L-1 Zn, 0.02 mg·L-1 Mo, and 0.21 mg·L-1 Al. Fertilizer 20–20–20 (N–PO4–K2O, JR
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Peters Inc., Allentown, PA) was added at a concentration of 200 mg·L-1 nitrogen with final EC
of 1024 µS·cm-1. Each week the temperature, pH, and EC of nutrient solution was monitored.
There were statistical differences for the solution temperature, pH, and EC in each treatment by
week (data not shown), but the differences were not biologically relevant.
System Setup
The pipe materials evaluated were PVC (20.57 mm internal diameter, schedule 40) and
low–density PE (20.83 mm internal diameter, model 14BW082094–01, Netafim USA Ltd.
Limited, Fresno, CA). These pipes are used by greenhouse growers in the U.S. in their
distribution systems. Closed–system loops were built with six parallel lines connected with 90°
elbows. Each PVC line had eight 10–cm long sections coupled with union connectors. Each PE
lines were single pipes of the same length as the PVC lines. Each line had eight sampling units; a
sampling unit consisted of 10–cm pipes. The systems were in a greenhouse exposed to sunlight
during calendar weeks 9–13 and 17–21 in Storrs, CT for the first and second experimental run,
respectively.
Six 10–cm sections per treatment were randomly collected per week and were not
replaced in the systems. Consequently, the pipe system progressively shortened throughout the
experiment. For the second experimental run, new PE pipes were used and the PVC pipes from
the first experimental run were reused. The PVC pipes were washed and sanitized before using
them for the second experimental run. Washing consisted of brushing the pipes with soapy water,
then recirculating activated peroxygen at 120 mg·L-1 of peracetic acid (SaniDate® 12.0, BioSafe
Systems, LLC, East Hartford, CT) for 48 hours, and then rinsing three times with tap water.
Irrigation Frequency
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The two frequencies were (1) continuous flow — the nutrient solution recirculated 24
hours a day, simulating irrigation used in nutrient film technique irrigation; and (2) interminttent
flow — the nutrient solution flowed for 30 seconds every 9.5 minutes, simulating mist irrigation
in propagation houses or drip irrigation in vine crops. The irrigation frequency was controlled
with computer–controlled outlets using an Argus Titan II controller (Argus Controls Systems
Ltd., British Columbia, Canada). Solution from a 16–L tank was delivered to each system using
Little Giant® Nk–1 (Franklin Electric Co., Inc., Fort Wayne, IN) submersible pumps. The
nutrient solution was not replaced or refilled throughout each experimental run. The flow rate
remained constant at 7.19 L·min-1 in all the pumps used in the experiment, with a flow velocity
of 0.36 m·s-1 and 0.35 m·s-1 in PVC and PE pipes, respectively. The flow rate was estimated
before and after each experimental run by dividing the liters of water coming from each pipe
after 5 minutes of pump operation. Each experimental run lasted 4 weeks.
Biofilm and Solution Measurements
Aerobic bacteria and biofilm dry mass attached to the inner surface of the pipes were
measured weekly and used as biofilm indicators (Characklis 1990; Zhou et al. 2009). Total
aerobic bacteria attached to the surface of pipes were measured using a modified version of the
heterotrophic plate counts protocol described by Zhou et al. (2009). The protocol consisted of
rinsing the inner surface of a pipe three times with sterile–deionized water to remove bacteria
and organic matter not attached to the surface, collecting bacteria with a sterile–cotton swab
from 18.85 cm2 (2–cm long across the inner circumference of the pipes), transferring the cotton
swab to a sterile–centrifuge tube with 5–mL of sterile–deionized water, mixing the solution on a
vortex for 30 seconds at 3,200 rpm, diluting the solution 10–fold four times, and spreading 100
µL of each dilution on agar plates (APHA method 9215C) with Difco™ Reasoner’s 2A (R2A)
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agar (Becton, Dickinson and Company, Franklin Lakes, NJ). The plates were incubated in the
dark at 25°C for 48 hours, and then individual colonies were counted. Planktonic bacteria in the
solutions were estimated through heterotrophic plate counts (APHA method 9215 A and C) from
1–mL of the solution from each tank as described above.
The biofilm dry mass was measured with the gravimetric method described by Characklis
(1990). This method consisted of gently rinsing the pipes three times with sterile deionized water
to remove unattached particles, then drying the pipe samples at 95°C for two hours, weighing the
dried pipe samples, then washing the samples with a brush and soapy water, then drying the
washed pipes at 95°C, and weighing the samples again. Biofilm mass was estimated as the
difference between the dry weights of the pipes before and after they were cleaned.
Characterization of Pipe Surface
The hydrophobicity, roughness, and waviness of the inner surfaces were measured in new
pipes and pipes post–biofilm. Pipes from the second experimental run were used as the post–
biofilm pipes. The PVC pipes were kept with the pond water with 200 mg·L-1 N flowing
continuously for 10 months after the second experimental run finished and the remainder PE
pipes were stored and had no water flowing. The biofilm was removed from the pipes by
washing the pipes with soapy water and a nylon pipe cleaner. Hydrophobicity was determined by
measuring the static contact angle with the sessile drop method (American Society for Testing
and Materials—ASTM D7334–08) with a 0.518 mm needle that released 0.5 µL and 1 µL drop
of deionized water on the surfaces of PVC and PE, respectively. The volume of the water drop
was lowered to 0.5 µL for the PVC surface because static energy was interfering with the drop
stability. The static contact angle was measured with the OCA–20 tensiometer and the SCA20
software (DataPhysics Instruments GmbH, Germany).
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Surface roughness was determined by measuring the peak heights of the surface using the
white light interferometer Zygo NewView 5000 (Zygo Corporation, Middlefield, CT) and then
calculating the root–mean–square (RMS) of the average of the height deviations from the surface
(ISO 25178–604:2013). Imaging in the interferometer was made with a 10x Mirau objective, 2ximage zoom, and 150–µm bipolar scan length. The surface profile was analyzed by removing the
cylinder form and the data fill set at 75. The surface waviness RMS was determined using the
ISO 13565–1 standard for applying filters which consists of removing the roughness component
and focus of surface waviness with low pass FFT fixed filter with a 0.025 mm high wavelength.
To determine if washing, sanitizing, or drying the PVC pipes affected the surface
properties, the roughness and hydrophobicity was measured on new PVC pipes that were washed
(with brush, chlorine or activated peroxygens) or unwashed and oven–dried or not dried. No
significant differences were observed in roughness or hydrophobicity in any pipe after these
treatments (data not shown).
Experimental Design and Data Analysis
The experimental design was a full–factorial (2x2) completely randomized design with
two experimental runs. Each experimental run had had six replicates per treatment and lasted for
four weeks. Weekly measurements were analyzed as repeated measures. The distributions and
variances varied by experimental run; hence the results are presented by experimental run.
Bacteria counts and biofilm dry mass were transformed to Log10 and cubic root, respectively, to
meet assumptions of parametric data analysis. The weekly measurements were analyzed as
repeated measures using the compound symmetry structure. The data was analyzed with the
Mixed procedure using SAS® 9.4 (SAS Institute Inc., Cary, NC) and used Tukey’s HSD test for
mean separation at P≤0.05.
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Results
The interaction between pipe material and irrigation frequency had an effect on the
amount of attached bacteria and biofilm dry mass in the second experimental run (Table 1).
Biofilm dry mass and attached and planktonic bacterial counts were, in general, higher on PVC
than PE (Figures 1–3). PE pipes had more attached bacteria when the solution flowed
continuously compared to cyclic flow in experimental run 2 (Figure 1). PVC pipes had more
biofilm dry mass with a cyclic flow compared to a continuous flow (Figure 2). The number of
planktonic bacteria was, in general, higher in solutions coming from PVC pipes compared to PE
pipes (Figure 3). Attached bacteria (P≤0.0001) and biofilm dry mass (P≤0.0001) were, in
general, higher on PVC pipes in experimental run 2 compared with experimental run 1. In PE
pipes attached bacteria was, in general, higher (P=0.0157) in experimental run 1 compared to
experimental run 2. New PVC pipes were more hydrophobic and less rough than new PE pipes
and the initial levels changed after biofilm colonization (Table 2 and Figure 4). Planktonic
bacteria were higher in nutrient solution coming from PVC pipes than PE (Figure 3). The inner
surface of new PVC pipes was more hydrophobic, less rough, and had less waviness than new
PE (Table 2 and Figure 4a and b).
Discussion
Biofilm by pipe material
PVC pipes had more biofilm than PE pipes, others have observed opposite results (Clark
et al. 1994; Gamri et al. 2015; van der Kooij and Veenendaal 2001; Yu et al. 2010) or no
difference between these two materials (Manuel et al. 2007; Niquette et al. 2000; Wingender and
Flemming 2004; Zacheus et al. 2000). In this project, new PVC pipes were more hydrophobic,
less rough, and had less waviness than new PE (Table 2 and Figure 4a and b), while the surface
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properties of the materials used by the other researchers was not described. The physical
properties of surfaces may promote or deter biofilm formation (Arnold and Bailey 2000; Baum et
al. 2002; Bers et al. 2006; Bers and Wahl 2004; Characklis et al. 1990; Chung et al. 2007;
Geesey et al. 1996; Momba and Makala 2004; Salta et al. 2010; Scardino et al. 2009; Scardino
and De Nys 2004). Currently, hydrophobicity, surface topography, or coatings are not part of the
manufacturing standard specifications of PVC (ASTM D1784) and PE (ASTM D5530) pipes,
which suggest that initial properties of a single material may not be consistent. PE polymers are
less reactive hence they are more resistant to weathering and biodegradation than PVC polymers
(Albertsson and Karlsson 1990; Orr et al. 2004; Otake et al. 1995). This suggests that PVC
should be a better substrate for bacterial growth than PE, however not all researchers have
observed this pattern (Clark et al. 1994; Gamri et al. 2015; van der Kooij and Veenendaal 2001;
Yu et al. 2010). Therefore, it is recommended that further experiments should consider multiple
sources of the same pipe material and physical characterization of the materials.
Environmental factors, initial microbial communities, and water quality parameters could
also explain the inconsistent observations among research groups. The initial abundance and
diversity of bacteria may affect biofilm formation and interactions with materials (Ray et al.
2012). This research was conducted in a greenhouse under natural sunlight exposure, whereas
Gamri et al. (2015) protected the pipes from light to prevent algal growth. The amount of algae
or chlorophyll on the pipes was not measured; however, the biofilm that grew on the PVC pipes
was green-colored, but not on the PE pipes. This suggests that PVC pipes transmitted enough
photosynthetically active radiation to allow algae growth and may explain why the results
differed from Gamri et al. (2015). Rier and Stevenson (2002) reported a positive interaction
between bacteria and algae, in which bacteria is associated with algae as a substrate for

56

colonization of surfaces. Therefore, the environment and its effect on microbial populations may
result in different biofilm accumulation. These inconsistencies observed by scientists in research
settings are valuable in understanding the difficulty of developing management strategies for
farms.
Biofilm by flow frequency
In this project, biofilm on PVC was generally more abundant when the solution flowed
intermittently compared with continuous flow, and the differences narrowed on PE (Figures 1
and 2). The amount of planktonic bacteria was higher in the solutions where biofilm was
abundant (PVC at cyclic flow), which suggests that intermittent flow may promote biofilm
detachment and dispersal. Others have reported higher abundance of bacteria when solutions
remain stagnant in drinking water systems (Ayoub and Malaeb 2006; Ling et al. 2018; Manuel et
al. 2009; Walker et al. 2000). Active flow facilitates nutrient and oxygen exchange between
biofilm and the solution and it promotes shearing and erosion which cause biofilm dispersal and
filamentous growth (Gilbert et al. 1993; Lehtola et al. 2006; Stoodley et al. 2002, 2001, 1998).
These observations are consistent with reports from growers that indicate higher incidence of
clogging in propagation sections with intermittent irrigation frequency. Further research should
address if the duration of dry and wet cycles affects biofilm buildup or if the initial force and
pressure of pumping can serve as a deterrent to prevent biofilm.
Pipe surface characteristics before and after biofilm growth
Biofilm accumulated differently by pipe material with wider difference on the second
experimental run (Figures 1 and 2). PVC pipes had more biofilm on the second experimental run
compared with the first one. The PVC pipes from the first experimental run were sanitized and
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reused for the second run, while the PE pipes were new. The results show that biofilm
colonization changed the hydrophobicity, roughness, and waviness of the PVC pipe surface
(Table 2 and Figure 4). Used PVC had more waviness and roughness, and lower hydrophobicity
compared with new PVC (Table 2 and Figure 4a–4c). PE surface had more roughness after
biofilm growth, hydrophobicity and waviness did not change after biofilm colonization (Table 2
and Figure 4b–4d). The changes in surface waviness and roughness (Table 2) of the PVC pipes
may explain why there was more biofilm in the second experimental run than the first
experimental run. Biofilm changes the properties of a surface by removing and degrading
additives and monomers of the polymer’s matrix (Beyth et al. 2008; Flemming 1998; Taylor and
Jaffé 1990). Alterations of the surface waviness and roughness may further increase biofilm
formation on surfaces (Beyth et al. 2008; Boyd et al. 2002; Teughels et al. 2006). These results
indicate that new and used pipes may harbor biofilm differently. These changes suggest that
biofilm in irrigation systems may accelerate the degradation of polymers on PVC pipes. Further
research is required to determine the extent of pipe degradation caused by biofilms and how this
degradation affects the receptivity of pipes to biofilm regrowth and longevity of irrigation
systems.
Conclusions
Biofilm accumulated differently by pipe material and the frequency at which nutrient solution
flowed in the system. The surface roughness and hydrophobicity of PVC pipes changed after
biofilm growth for 10 months. PVC pipes accumulated more biofilm than PE pipes with solution
flowing continuously and with high frequency. These results suggest that in short periods (within
a week in this experiment) the initial characteristics of the pipe surface have an impact on how
much biofilm accumulates. While the actual mechanisms behind this phenomenon cannot be
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explained, biofilms seem to accumulate better on materials that are easier to biodegrade and that
the increase in roughness caused by biofilm further facilitates biofilm growth. In practice,
farmers should be aware that the risk of clogging depends on the materials of the pipes and
frequency at which they irrigate their crops. However, under current manufacturing standards it
is difficult for researchers to develop general recommendation guidelines for farmers.
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Tables and figures
Table 1 ANOVA table with the P values of the effects of the irrigation frequency, pipe material,
and the interaction on the number of bacteria attached to the pipes, the accumulated biofilm dry
mass, and the number of planktonic bacteria in solution. Data was analyzed as a completely
randomized design using Week as repeated measures.
Factor

Attached bacteria
Experimental run

Biofilm dry mass Planktonic bacteria

I

II

I

II

I

II

*

*

NS

**

**

**

Pipe material (M)

***

***

***

***

**

***

Week (W)

***

***

**

***

***

***

FxM

NS

***

NS

**

NS

NS

FxW

***

NS

NS

***

**

***

MxW

***

NS

**

***

***

***

FxMxW

NS

NS

NS

***

***

**

Irrigation frequency (F)

NS, *, **, *** Non-significant or significant at P≤0.05, 0.01, or 0.0001, respectively
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Table 2 Hydrophobicity, roughness, and waviness of the inside surface of PVC and PE pipes.
Hydrophobicity is represented by the advancing contact angle of a sessile drop of water. The
root–mean–square of the peaks and valleys of the roughness and waviness profile represent
surface topography. The surfaces of new pipes are compared with the surfaces of pipes that
previously had biofilm. The surface properties of pipe material after biofilm growth were not
compared because they had biofilm for different periods of time.

Pipe material
PVC
PVC
PE
PE

Pipe
condition
New
After biofilm
(10 months)
New
After biofilm
(2 months)

Surface
roughness
(µm)
0.45 b

Surface
waviness
(µm)
0.15 b

74.5 b
63.9

0.95 a
1.62 b

0.67 a
1.87

56.8

1.74 a

1.88

Hydrophobicity
(°)
85.1 ax

X

Within pipe material values followed by a different lower-case letter are significantly different
according to Tukey’s HSD test at P≤0.05.
N=28
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a

30 s every 9.5 min-PE

Continuous-PE

30 s every 9.5 min-PVC

Continuous-PVC

Attached bacteria (Log10 CFU·cm-2)

8
7
6
5
4
3
2
1
0

b

8

Attached bacteria (Log10 CFU·cm-2)

7
6
5
4
3
2
1
0

-1
-2
1

2

3

4

Week
Figure 1 Bacteria attached to the surface of polyvinyl chloride (PVC solid lines) and
polyethylene (PE dotted lines) pipes under three flow frequencies for experimental runs 1 (a) and
2 (b). Each marker represents the average values (n=6) with standard error lines. Markers with
overlapping error lines are similar according to Tukey’s HSD test at P≤0.05.
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Figure 2 Biofilm dry mass attached to the surface of polyvinyl chloride (PVC solid lines) and
polyethylene (PE dotted lines) pipes under three flow frequencies for experimental runs 1 (a) and
2 (b). Each marker represents the average values (n=6) with standard error lines. Markers with
overlapping error lines are similar according to Tukey’s HSD test at P≤0.05.
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Figure 3 Planktonic bacteria in solution coming from polyvinyl chloride (PVC solid lines) and
polyethylene (PE dotted lines) pipes under different flow frequencies (markers) for experimental
runs 1 (a) and 2 (b). Each marker represents the average values (n=6) with standard error lines.
Markers with overlapping error lines are similar according to Tukey’s HSD test at P≤0.05.
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a

b

c

d

Figure 4 Surface topographic plots of new PVC (a) and new PE (b) pipes and PVC (c) and PE (d) pipes after biofilm colonization.
The PVC surface in plot c had biofilm for 10 months and the PE surface in plot d had biofilm for two months. Plots were obtained
using a white light interferometer Zygo NewView 5000 (Zygo Corporation, Middlefield, CT). The observations in the interferomenter
were made with a 10x Mirau objective, 2x image zoom, and a scan length of 150 µm. The surface profile was analyzed using a
cylinder plane and the data fill set at 75.

71

Chapter 4: Poinsettia Growth and Pythium Root Rot Incidence in the Presence of Biofilms
Inside Irrigation Pipes
Presented in the format for publication in the journal of Scientia Horticulturae
Abstract
The environment inside irrigation pipes and emitters is conducive to biofilm, resulting in
clogging of the irrigation system. It is unknown if biofilms inside pipes have an effect on nutrient
solutions and waterborne plant pathogens, consequently affecting plant growth. The objective of
this project was to determine if biofilm inside irrigation pipes had an effect on marketable traits
and Pythium root rot of poinsettias (Euphorbia pulcherrima var. Classic Red). Plants were
watered with nutrient solution (with or without Pythium aphanidermatum) that flowed through
pipes that either had an initial biofilm or no initial biofilm. At the end of the experiment, the
plant height, leaf chlorophyll content (SPAD), shoot dry weight, plant quality, and P.
aphanidermatum in the roots were measured. The plants that grew with solution coming from
pipes with the initial biofilm were 2.7 cm taller, had 4.1 more SPAD units, and weighed 7.6 g
(dry mass) more than the plants with the pipes without initial biofilm in the 1st experimental run.
Plants that grew without biofilm inside pipes had 28% and 24% more P. aphanidermatum
isolated from the roots compared to plants that grew with biofilm inside pipes in the 1st and 2nd
experimental run, respectively. Overall plants exposed to P. aphanidermatum were 6.7 cm
shorter, had 8.8 lower SPAD units, 2,352 cm2 smaller bract area, 2,263 cm-2 smaller leaf area,
and weighed 26.4 g (dry mass) less than plants without P. aphanidermatum. These results
suggest that pipes may be used as a substratum to host microbial communities that may benefit
plant health.
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Introduction
Biofilms accumulate inside irrigation systems and clog pipes and emitters (Juanico et al.
1995; Ravina et al. 1997; Zhou et al. 2013). Irrigation water can be a source or dispersal
mechanism of biofilm-forming microorganisms (Chapter 2, Adin and Sacks 1991) and plant
pathogens (Hong and Moorman 2005). Biofilms are diverse and dynamic microbial communities
attached to inert or living surfaces and enclosed in a matrix of extracellular polymeric
substance—EPS— (Donlan 2002; Jones et al. 1969; Zobell 1943). Bacterial attachment to
surfaces is the first step of biofilm formation and this process is fast and abundant in
hydrophobic surfaces, such as polyvinyl chloride (PVC) and polyethylene (PE) pipes, and in the
presence of electrolytes in solution (Chapter 3, Bendinger et al. 1993; Cowan et al. 1991;
Fletcher 1988; Fletcher and Loeb 1979; Pringle and Fletcher 1983). Water flow disperses
biofilms and allows the exchange of gases and nutrients between the aqueous phase and the
biofilm (de Beer et al. 1994; Lehtola et al. 2006; Rasmussen and Lewandowski 1998; Stoodley et
al. 2002, 2001, 1998). A variety of particles suspended from the environment, such as suspended
solids and other living organisms, attach to pre-established biofilm which leads to clogging of
irrigation systems (Adin and Sacks 1991; Characklis et al. 1990; Costerton et al. 1995; Donlan
2002; Gilbert et al. 1981; Li et al. 2013; Morris and Monier 2003; Oliver et al. 2014; Ravina et
al. 1997; Şahin et al. 2005; Taylor et al. 1995; Yan et al. 2009; Zhou et al. 2013). Aside from
clogging emitters, it is unknown if biofilms inside irrigation pipes have any effect on water
quality and consequently plant growth.
Despite the prevalence of biofilms in irrigation systems, the interactions between biofilms
and nutrient solutions or waterborne-plant pathogens inside irrigation pipes has not been studied.
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A scope of the possible responses to biofilms inside pipes can be found in the literature about
biofilms of the root microbiome, inside biofilters, and in drinking water systems.
Interactions of biofilm with chemical compounds in water
Variation in nutrient uptake by biofilms has been studied in constructed wetlands, in bed
biofilm reactors, in biologically active carbon systems, in the rhizosphere, and in drinking water
systems (Boelee et al. 2014; H. Li et al. 2011; McQuarrie and Boltz 2011; Simpson 2008; Wen et
al. 2015). In wetland ecosystems, microbial biofilms on roots and gravel media are involved in
the removal of inorganic and organic compounds from wastewater (Hansel et al. 2001; Jewell et
al. 1983; Morató et al. 2014). Epoxy coated paper filters with biofilm, removed more Mn2+, Fe2+,
Ni, and Cu2+ from mine wastewater than filters without biofilm (Ferris et al. 1989). Biofilms
inside bed reactors and biologically active carbon systems can decrease and remove chemical
oxygen demand (COD), ammonia-nitrogen, total nitrogen, phosphorous, heavy metals (such as
Cd2+, Cu2+, Ni, and Zn2+), phenolic compounds, and pesticide residues from water (Æsøy et al.
1998; Aspegren et al. 1998; Bjornberg et al. 2009; Hem et al. 1994; Mases et al. 2010;
McQuarrie and Boltz 2011; Odegaard 2006; Ødegaard et al. 2000). Therefore, biofilms inside
irrigation systems could potentially decrease the concentration of nutrients in nutrient solutions,
thus affecting plant growth.
Compounds leach from plastic pipes into the irrigation water directly by diffusion or
indirectly as by–products of the degradation of pipes or reactions between compounds on the
pipe and compounds in water (Adams et al. 2011; Kowalska et al. 2011; Lithner et al. 2012;
Whelton and Nguyen 2013; Zhang and Liu 2014). Microorganisms use these compounds as a
carbon source to grow as biofilms, therefore decreasing the concentration of these compounds in
water (Skjevrak et al. 2005; Wen et al. 2015). Plants absorb compounds that leach from surfaces
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such as organotin, phthalates, bisphenol-A, and 4-nonylphenol which are known to cause
phytotoxicity (Bokern et al. 1998; Buta 1975; Chen and Yen 2013; Fargašová 1997; Ferrara et al.
2006; Hannay and Millar 1986; Liao et al. 2009, 2006; Melin and Egnéus 1983; Qiu et al. 2013;
Segev et al. 2009). Hence, biofilms inside irrigation pipes might protect plants from compounds
that leach from plastic pipes.
Plant growth promoting rhizobacteria (PGPR) colonize the roots of plants and release
compounds that increase stress tolerance, promote plant growth, increase nutrient uptake and
availability, and recruit beneficial microbial communities to the rhizosphere (Ahemad and Kibret
2014; Bais et al. 2006). PGPR confers stress tolerance through the release of compounds that
affect the phytohormone balance which in turn regulate the activity of stress hormones or
promote plant growth (Coolen et al. 2016; Etemadi et al. 2018; Liu et al. 2018). PGPR increase
nutrient uptake by producing phytohormones that increase root growth and change root
morphology (Vayssières et al. 2015; Waqas et al. 2012). PGPR increase nutrient availability
through fixation of atmospheric nitrogen and solubilization of mineralized nutrients (de Werra et
al. 2009; Fujishige et al. 2006; Gage 2004; Johnson et al. 2015; Russo et al. 2006). Previous
studies show that biofilms inside biofilters, drinking water pipes, and rhizosphere have an impact
on the quality of irrigation water suggesting that the presence of biofilms within irrigation pipes
could directly or indirectly affect plant growth.
Interactions between biofilms and pathogens
Synergistic and antagonistic relationships between biofilms and pathogens have been
reported in drinking water systems, in the food industry, in medical devices, slow sand filters,
and in the plants. On one hand, biofilms on the surface of medical devices and food industry
protect human pathogens from desiccation, ultraviolet radiation, disinfectants, antimicrobial
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compounds, and can be a site for genetic exchange and synergistic interactions (Bower and
Daeschel 1999; Bridier et al. 2011; Costerton et al. 1995; Davey and O’toole 2000; Joseph et al.
2001; Lapidot et al. 2006; Mercier and Lindow 2000; Molina et al. 2004; Monier 2002; Morris et
al. 1997; Scher et al. 2005; Yaron and Römling 2014). Biofilms inside drinking and agricultural
water distribution systems host human pathogens and represent a potential source for water
contamination (Pachepsky et al. 2011; Shelton et al. 2013; Wingender and Flemming 2011). On
the other hand, biofilms in the rhizosphere act as biocontrol against plant pathogens via
antibiosis, competition for space and resources, entrapment, degradation of pathogenicity and
virulence factors, activation of induced systemic resistance, predation, increasing plant stress
tolerance, and promoting plant growth (Bianciotto et al. 2001; Bloemberg et al. 2000; Brix 1997;
Compant et al. 2005; Dandurand et al. 1997; Danhorn and Fuqua 2007; Glick et al. 2007;
Haggag and Timmusk 2008; Ji et al. 2008; Kinkel et al. 2002; Molina et al. 2004; Morató et al.
2014; Patten and Glick 2002; Postma et al. 2009; Saleem et al. 2007; Timmusk et al. 2005; Zhao
et al. 2017). Existing evidence suggests that biofilms inside pipes may affect plant pathogens. It
is unknown if the interactions between biofilms inside pipes and plant pathogens could be
detrimental or beneficial to plant health. Therefore, the aim of this project was to determine if
biofilms inisde pipes affect the incidence of Pythium root rot in poinsettias.
The objective of this study was to determine if the presence of biofilm on the inside
surface of irrigation pipes has an effect on plant growth and the incidence of Pythium root rot on
poinsettias (Euphorbia pulcherrima var. Classic Red).
Materials and Methods
System set up
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The experiment was conducted in the Floriculture greenhouses located at the University
of Connecticut in Storrs, Connecticut from March to December 2015 and August to December
2016 for experimental runs 1 and 2, respectively. There were five benches that had two PVC
(Schedule 40 20 mm internal diameter – I. D.) loops, one with an established biofilm and the
other made of new pipes. Each loop had six parallel (4.3 m long) pipes held together with 90°
elbows. The inlet of the loop received nutrient solution, which consisted of municipal water and
water-soluble fertilizers injected with a Dosatron® mechanical proportioner (D14MZ2-D,
Dosatron International Inc., Clearwater, FL). The outlet of the loop was connected to a two-way
manifold that divided the irrigation line in two PE (16 mm I. D.) lines. The manifold was made
of nylon fittings and it was connected to the PVC loop using a 1.27 cm diameter garden hose.
The fittings used in the manifold were a garden hose to pipe thread adapter, a threaded tee, two
90° threaded elbows, two check-valves, two threaded-tee-plugs, and two pipe-threads to insert
adapters. The experimental unit consisted of one PE line which had 12 pressure compensated
wood pecker drip emitter (model 01WPCJL2, Netafim™, USA) with a nominal flow rate of 2
L·h-1. Each experimental unit had five and six poinsettia plants (Euphorbia pulcherrima var.
Classic Red) for experimental runs 1 and 2, respectively.
Biofilm establishment
Biofilm grew inside one of the PVC loops of each bench by recirculating a solution
collected from the recirculated nutrient solution tank of a commercial greenhouse. The solution
flowed through the pipes for 8 h each day from March to April 2015 and was supplemented with
100 mg·L-1 nitrogen using Plantex® 17–5–17 fertilizer (N–P2O5–K2O, Master Plant-Prod Inc.,
Canada). On April, the 17–5–17 fertilizer was replaced with a 3–1–1 organic fertilizer (Nature’s
Source®, Sherman, TX) at a rate of 200 mg·L-1 nitrogen. Biofilm accumulation was evident
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within 25 days after switching to the organic fertilizer. Once the biofilm had established, it was
kept in the PVC loops by circulating a solution with 17–5–17 fertilizer at 150 mg·L-1 N for 2
minutes with 4 h intervals until plants were placed in the greenhouse. No solution circulated
through the other PVC loop until the experiment began.
In between experimental runs, the PE lines and the emitters were replaced with new ones
and half of the PVC loops were scrubbed with soapy water and a nylon pipe cleaner, then rinsed,
then filled with a 1% (v/v) commercial bleach solution overnight and rinsed with tap water to
remove previous biofilm accumulation. The pipes were drained and air-dried for two days before
beginning the second experimental run. The biofilm treatments were defined as “Biofilm” and
“No Biofilm” based on the initial presence or absence of biofilms inside the PVC pipes at the
time of transplant. However, biofilm developed in the pipes with “No Biofilm” within the first
three weeks.
Plant material
Rooted cuttings of poinsettia (Euphorbia plucherrima var. Classic Red) were placed in
1.7 L pots filled with Fafard® 3B media (Sun Gro Horticulture, Agawam, MA, Canadian
sphagnum peat moss, bark, coir, perlite, vermiculite, dolomitic limestone, wetting agent).
Fafard® 3B RESiLIENCE ® (with silicon) was used in experimental run 2 because the Fafard®
3B growing media was not available. Five and six plants per experimental units were used for
experimental runs 1 and 2, respectively. The pH of the growing media was kept between 5.8 and
7 and adjustments were made by switching between fertilizers with different NH4:NO3 ratios.
The plants were irrigated with tap water without feed between weeks 10 and 11 to keep the
electrical conductivity (EC) of the growing media below 3 dS·m-1. The pH and EC of the
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growing media were adjusted to emulate management in a commercial setting and to focus on
the effects of biofilms inside pipes on plant growth.
P. aphanidermatum inoculation
Inoculation of the nutrient solution was done during weeks 1, 2, 4, and 5 after transplant
using the method used by Pagliaccia et al. (2007) with some modifications. P. aphanidermatum
was grown in plates containing 20% clarified V8 agar media and incubated in the dark for three
days. After three days, a 10-mm-diameter disk was cut from the advancing margin of the
mycelial growth and placed inside the threaded tee after the check valve in the manifold. The
check valve prevented backflow and cross contamination between adjacent PE lines. A 10-mmdiameter agar disk without pathogen was placed in the PE line that had no P. aphanidermatum.
The irrigation ran for one minute after placing the agar disks in the irrigation lines. P.
aphanidermatum was never in direct contact with the biofilm inside the PVC pipes since it was
introduced at the outlet of the PVC loops.
P. aphanidermatum was isolated from the nutrient solutions at the emitters to confirm the
presence of the pathogen in the nutrient solutions and that there was no cross contamination
between irrigation lines. Isolation was performed on weeks 4 and 8 after transplant. One liter of
nutrient solution at the emitters was collected from each experimental unit to isolate the pathogen
through membrane filtration as described by Hong et al. (2002). Up to 100 mL of the sample
were filtered through a 47 mm diameter Durapore® membrane filter with a 5µm pore size
(MilliporeSigma, St. Louis, MO). After filtration, the filters were placed directly (inverted) on
P5ARP–V8 selective media and incubated for 24 h in the dark at room temperature. Filters were
removed and discarded after 24 hours of incubation. Plates were then incubated in the dark for
another 24 hours at room temperature. P. aphanidermatum presence was determined by
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observing mycelium growth on the plate surface and recorded as positive or negative. P.
aphanidermatum was isolated from the nutrient solution that was inoculated and no P.
aphanidermatum was recovered from the irrigation water that was not inoculated (data not
shown).
Weekly measurements
Weekly measurements of the pH and EC of the nutrient solution and growing media,
plant height, leaf relative chlorophyll index (SPAD), disease incidence, and plant mortality were
conducted. A pH–ATC probe (Orion™ 8157BNUMD, Thermo Fisher Scientific Inc., Beverly,
MA.) and a conductivity cell (Orion™ 013005MD, Thermo Fisher Scientific Inc., Beverly, MA)
attached to an Advanced Electrochemistry Meter (Orion™ VersaStar™ v02803, Thermo Fisher
Scientific Inc., Beverly, MA) were used to monitor pH and EC of the nutrient solution and
growing media. The media pH and EC were measured in the leachate collected from the pots
using the Pour-Thru method as described by Whipker et al. (2001) to determine if the treatments
affected the rhizosphere environment. The plants were irrigated until the solution began leaching
from the pots. An hour later, deionized water was poured on the growing media to displace the
solution in the media and the leachate was collected. Plant height was measured using a ruler
from the base of the plant to the highest meristem. The leaf relative chlorophyll index was
measured with a SPAD meter (Minolta Camera Co. Ltd., Osaka, Japan) on three random
youngest fully expanded leaves per plant. After pinching, the chlorophyll index was measured on
the leaves closest to the pinched meristem until lateral shoots developed. Disease incidence and
plant mortality were recorded as the number of plants showing symptoms or dead per
experimental unit. The disease incidence and plant mortality percentages over the weeks were
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plotted to calculate the area under the disease incidence and plant mortality curves (Shaner and
Finney 1977).
Biofilm accumulation in pipes was monitored by quantifying the number of attached
bacteria as described by Zhou et al. (2009) with some modifications. A sterile cotton swab was
used to scrape an area of 2.85 cm2 inside the PVC pipes. The cotton swab was then placed in a
centrifuge tube containing 5 mL of sterile deionized water and vortexed at 3,200 rpm for 30
seconds to resuspend the scrapings. Two sequential 100-fold dilutions were made by adding 0.1
mL of the resuspended scrapings to 9.9 mL of sterile deionized water. Then 100 µL from each
dilution were plated on petri dishes containing Difco™ Reasoner’s 2A (R2A) agar (Becton,
Dickinson and Company, Franklin Lakes, NJ) using the spread plate technique APHA method
9215C (APHA 1998). The plates were incubated in the dark at 25°C for 48 hours before
counting. Biofilm accumulation was measured during weeks 0 and 3 of experimental run 1 and
biweekly for experimental run 2.
Harvest measurements
Stem diameter, plant height, shoot dry weight, plant quality, disease severity, SPAD, total
bract area, total leaf area, percent isolation of P. aphanidermatum from roots, tissue nutrient
content, and growing media nutrient content were measured at the end of each experimental run.
The stem diameter was obtained with a dial caliper placed 1 cm above the base of the plant.
Shoot dry weight was measured after drying the shoots for 3 days at 60 to 70°C and weighted on
an analytical balance. The SPAD values were measured as described previously. Leaves and
bracts were separated from the stems of the plants by cutting at the abscission zone to measure
total bract and leaf area using an area meter (Li-Cor® LI-3100C, Lincoln, NE).
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Plant quality was rated using a marketable scale from 1 to 5 as described by Morvant et
al. (1998) (where 1: poor quality and 5: best salable quality). Disease severity was determined by
visually assessing root health through a scale ranging from 1 to 4 according to Boehm and
Hoitink (1992) with some modifications. A value of 1 represented roots with creamy color and a
coverage of 50–75% of the media pylon; 2 represented roots with rots and a coverage of 25–50%
of the media pylon; 3 represented rotted roots with a coverage below 25% of the media pylon; 4
represented a dead plant.
P. aphanidermatum was isolated from the roots of each plant to determine if the biofilms
had an effect on root infection by the pathogen. The growing media was washed from roots by
gently shaking the roots in water. The roots were submerged in a solution containing 1% (v/v)
sodium hypochlorite for 30 s, rinsed twice in sterile deionized water, 1 cm long root sections
were randomly selected and placed in plates with P5ARP–V8 in duplicates. The plates were
incubated for 48 h in the dark at 25°C, then the number of plates with mycelial growth was
recorded. Percent root isolation was estimated by dividing the number of plates that showed P.
aphanidermatum growth over the total number of plates per experimental unit (10 and 12 for
experimental run 1 and 2, respectively).
The tissue nutrient content was determined by digesting the leaf tissue using the dry–
ashing method and measuring through inductively coupled plasma spectrometry (Miller 1998) to
determine if biofilms affected plant nutrition. The nutrients measured in the tissue were percent
of N, P5+, K1+, Ca2+, and Mg2+; as well as the concentration in mg·kg-1 of Al3+, B3+, Cu2+, Fe2+,
Mn2+, Mo4+, Na1+, Pb2+, and Zn2+. The concentration of Mg2+, P5+, K1+, Cu2+, B3+, Fe2+, Mn2+,
Mo4+, and Zn2+ in the growing media was determined from the saturated media extract using an
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inductively coupled plasma spectrometer to determine if biofilms affected nutrient accumulation
in the growing media.
Experimental design
The experiment was arranged as a split plot design with five blocks. The main plots were
the initial presence or absence of biofilm inside PVC pipes and the nested subplots were the
presence or absence of pathogen (P. aphanidermatum) in the nutrient solution. Data analysis was
done with the Mixed procedure using the SAS® 9.4 (SAS Institute Inc., Cary, NC). Mean
separation tests were performed using Tukey’s HSD test and significant differences were
declared at P≤0.1.
Results
Weekly measurements
The number of attached bacteria was similar on pipes with “Biofilm” and with “No
Biofilm” after three weeks from the beginning of each experimental run (Figure 1).
There was no significant interaction between the biofilm and P. aphanidermatum
treatments on the weekly measurements (nutrient solution pH and EC, growing media pH and
EC, plant height, SPAD, disease incidence, and plant mortality) for both experimental runs (p <
0.1). The pH of the nutrient solution was generally higher in pipes with “Biofilm” compared with
“No Biofilm” (Figure 2) in both experimental runs. The EC of the nutrient solution was higher in
pipes with “Biofilm” compared with “No Biofilm” in weeks five to eight of experimental run 1
(data not shown). The growing media pH was lower under the P. aphanidermatum treatment
compared with no pathogen (Figure 3).
Harvest measurements
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The interaction between the biofilm and P. aphanidermatum treatments was significant
for the plant quality rating, SPAD, media K1+, media Mo4+, and P. aphanidermatum isolation
from roots (Table 1). The plants had lower quality when exposed to P. aphanidermatum
regardless of the biofilm presence in pipes in experimental run 1. In the presence of P.
aphanidermatum, the plants had higher SPAD readings when the pipes had “Biofilm” (similar to
plants without P. aphanidermatum) compared to pipes with “No Biofilm” in experimental run 1
(Table 1). There were no significant differences in SPAD readings between treatments for
experimental run 2. In experimental run 1, more P. aphanidermatum was isolated from the roots
of plants that grew with pipes with “No Biofilm” compared to plants that grew with pipes with
“Biofilm” (Table 1). P. aphanidermatum isolation from roots was not significant in experimental
run 2. Significant differences in the concentration of K1+ and Mo4+ in the growing media were
only observed in experimental run 2. The concentration of K1+ in the growing media was higher
when there was no P. aphanidermatum in the nutrient solution in pipes without an established
biofilm. The concentration of Mo4+ in the growing media was higher when there was P.
aphanidermatum in the nutrient solution in pipes with an established biofilm.
The biofilm treatment had a significant effect on plant growth in experimental run 1
(Table 2). The plants were taller, had higher SPAD readings, had more shoot dry mass, and had
less tissue P when pipes had “Biofilm” compared to pipes that had “No Biofilm”. The effects
were not significant for the second experimental run 2 but the trends were similar to those
observed in experimental run 1. The concentration of Mg2+ in tissue, Mo4+ in tissue, Pb2+ in
tissue, and Mn2+ in growing media were affected by the presence of biofilms within pipes for
experimental run 2. The plants had more Mg2+, more Mo4+, and less Pb2+ in the tissue when
pipes had “Biofilm” compared to pipes with “No Biofilm” (Table 2). The content of Mn2+ was
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lower, and the growing media pH was higher when pipes had “Biofilm” compared to pipes with
“No Biofilm” (Table 2).
Overall, plants had less disease in experimental run 2 compared to experimental run 1.
The plants exposed to P. aphanidermatum were of lower quality (Table 1), had higher disease
severity, and were underdeveloped compared to plants that were not exposed to P.
aphanidermatum (Table 3). The plants exposed to P. aphanidermatum had less tissue N1+, Ca2+,
Mg2+, B3+, Fe2+, Mn2+, Mo4+, and more tissue Al3+ and Na1+ (Table 3). The area under the disease
incidence curve was, in general, higher in plants exposed to P. aphanidermatum compared to
plants without the pathogen (Table 1). The growing media of plants exposed to P.
aphanidermatum had higher P5+, Mn2+, and Zn2+ in both experimental runs. The media K1+ and
Cu2+ content was lower in plants with P. aphanidermatum for experimental runs 2 and 1,
respectively. (Table 3).
Discussion
The plants were bigger plants and had fewer infected roots with “Biofilm” in pipes
compared to” No Biofilm” in the first experimental run. While the trend was sustained in the
second experimental run, the effects were not statistically significant. The biofilm factor had no
effect on the accumulation of nutrients in plant tissue and growing media (first experimental
run). These observations suggest that the effects of biofilm on plant growth and root infection
were not related to the nutritional status of the plants. Therefore, it is hypothesized that the
mechanisms behind the increased plant growth and lower root infection may be protection from
phytotoxic compounds leaching from pipes and/or through the release of compounds or microbes
that increase stress tolerance, promote plant growth, activate defense pathways in plants, and
promote the occurrence of beneficial microbes in the rhizosphere microbiome.
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Compound leaching from PVC pipes
Biofilms inside PVC pipes may have protected plants from phytotoxic compounds migrating
from PVC pipes to the nutrient solutions. In previous research, the hydrophobicity and surface
topography of PVC pipes changed after biofilm growth which suggest that biofilms may be
involved in the biodegradation process of PVC pipes (Chapter 3). Some microorganisms use the
compounds that leach from the surface of pipes as a carbon source to grow as biofilms (Wen et
al. 2015). The list of compounds is not standard and vary between regions and pipe material
(Whelton and Nguyen 2013). However, vinyl chloride monomers, organotin stabilizers, phthalate
plasticizers, brominated flame retardants, bisphenol A, 4-nonylphenol, antioxidants, and
lubricants have been identified to leach from PVC polymers (Adams et al. 2011; Al-Malack
2004; Al-Malack and Sheikheldin 2001; Heim and Dietrich 2007; Lithner et al. 2012;
Quevauviller et al. 1991; Skjevrak et al. 2003; Walter et al. 2011; Zhang and Liu 2014). There is
no information available about the effects of these compounds on Pythium spp. However,
didecyl-phthalate extracted from Burkholderia cepacia strain Cs5 and organotin (IV) compounds
have biocidal properties (Baul 2008; Kilani-Feki et al. 2011). Plants can uptake phthalates (e.g.,
di-n-butyl and di-isobutyl phthalates) which inhibit growth, induce etiolation, and kill plants
(Buta 1975; Hannay and Millar 1986; Liao et al. 2009, 2006; Melin and Egnéus 1983).
Brominated flame retardants are absorbed by plants but there are no records of their effect on
plant growth (Li et al. 2011; Segev et al. 2009). At concentrations below 50 mg·L-1, bisphenol A
induces phytotoxicity with symptoms such as decreased plant growth, lower photosynthetic rate,
and decreased chlorophyll content (Ferrara et al. 2006; Qiu et al. 2013). Concentrations above 10
mg·L-1 of 4-nonylphenol suppress plant cell growth in invitro tests (Bokern and Harms 1997)
and decrease shoot and root biomass of Arabidopsis thaliana (Chen and Yen 2013). Organotin
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concentrations as low as 0.001 mg·L-1 inhibit growth and decrease numbers of Scenedesmus
quadricauda algae (Fargašová 1997). The pipes without an established biofilm were not rinsed
before first experimental run which may have affected plants by means of phytotoxic compounds
leaching from the PVC pipes to the irrigation water. It is possible that these compounds stressed
the plants making them more susceptible to Pythium root rot. We believe the different results
between experiments were probably caused by the washing of the pipes between experimental
runs in combination with a decrease of compound migration rate from the pipes.
Microbial community composition of the biofilm
We do not know what the microbial community composition of the biofilm was. But we
hypothesize that the biofilm could have released compounds or microbes that promote plant
growth, increase stress tolerance, act as biocontrol agents, or changed the rhizosphere
environment favoring beneficial microbes. Rhizosphere biofilms promote plant growth by
releasing phytohormones or compounds that affect the hormone balance in plants, increase the
availability and uptake of nutrients, and increase stress tolerance (Berg 2009; Bhattacharyya and
Jha 2012; Danhorn and Fuqua 2007; Lugtenberg and Kamilova 2009). Pseudomonas putida
promote plant growth by decreasing the concentration of the stress hormone ethylene precursor
1-aminocyclopropane-1-carboyclic acid (ACC) through the activity of ACC deaminase enzyme
(Glick 2005; Glick et al. 2007, 1997; Saleem et al. 2007; Xie et al. 1996). Plant-growthpromoting rhizobacteria increase stress tolerance and nutrient uptake by promoting root
development through the production of the indole acetic acid (IAA) hormone (Kloepper et al.
2007; Patten and Glick 2002; Prasanna et al. 2011; Vayssières et al. 2015; Waqas et al. 2012;
Yang et al. 2009). Bacteria (genera Rhizobium, Mesorhizobium, Sinorhizobium, Bradyrhizobium,
Azorhizobium, and Frankia) and mycorrhizae fungi help with nitrogen fixation and nutrient
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uptake (de Werra et al. 2009; Fujishige et al. 2006; Gage 2004; Johnson et al. 2015; Russo et al.
2006). Mineral phosphate and iron solubility and uptake are increased by siderophores and
acidification caused by the activity of root colonizing Pseudomonas fluorescence CHA0 and
Azospirillum (Dobbelaere et al. 2003; Katiyar and Goel 2004). Biofilms inside pipes may have
hosted and released root colonizing strains of Lysobacter enzymogenes (Ji et al. 2008; Postma et
al. 2009; Zhao et al. 2017) and Paenibacillus polymyxa (Haggag and Timmusk 2008; Timmusk
et al. 2005) which are effective against Pythium aphanidermatum. It is possible that the plants
growing with biofilms inside pipes were more robust thus more capable of defending against P.
aphanidermatum.
Conclusion
The plants that grew with biofilm inside the pipes performed better in the presence of P.
aphanidermatum than the plants that grew without biofilm. This response was not related to
effects of biofilms on concentrations of nutrients in the growing media and plant tissue. The
microbial composition of the biofilm in this study is unknown. However, it can be speculated
that the increase in plant growth may be a response to the presence of plant growth promoting
microbes in the biofilm or that the established biofilm protected the plants from phytotoxic
compounds migrating from the PVC pipes. These results suggest that plastic pipes could be used
as a substrate for beneficial microbial communities that can increase productivity and protect
against plant pathogens. Future research needs to address if beneficial biofilms can be
established inside pipes without the risk of clogging or pipe biodegradation.
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Figure 1 Bacteria attached to the surface (as colony forming units- CFU) of polyvinyl chloride
(PVC) for experimental runs 1 and 2. Each bar represents the average values (n=10) with
standard error lines. Significant differences are denoted by different uppercase (Run 1) and
lowercase (Run 2) letters using Tukey’s HSD test (P≤0.05).
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Figure 2 pH of the nutrient solution coming from PVC pipes that had an established biofilm and
no biofilm at the beginning of the experimental runs 1 and 2. Each marker represents the average
values (n=30) with standard error lines. Samples were collected at the emitter.
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Figure 3 Growing media pH in poinsettia plants that grew with solution that grew in the presence
or absence of Pythium aphanidermatum in the solution from the experimental runs 1 and 2. Each
marker represents the average values (n=30 and 60 for experimental runs 1 and 2, respectively)
with standard error lines.
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Table 1 Effects of the interaction between biofilm inside PVC pipes and Pythium aphanidermatum in solution on poinsettia growth
and Pythium root rot incidence.

Biofilm

Pathogen

Plant quality
(1–5)

Biofilm
Biofilm
No Biofilm
No Biofilm

No Pythium
Pythium
No Pythium
Pythium

4.4±1.3
3.2±1.3
4.5±1.3
2.4±1.3

aX
b
a
b

47±12
43±11
47±11
34±11

Biofilm
Biofilm
No Biofilm
No Biofilm

No Pythium
Pythium
No Pythium
Pythium

4.2±1.0
4.0±1.0
4.5±1.0
3.7±1.0

ab
ab
a
b

53±11
50±11
51±11
47±11

SPADW
a
a
a
b

P.
aphanidermatum
root isolation
(%)
AUDICY
Experimental Run 1
0±41 c
0.0±2.9 b
46±41 b
4.7±2.9 a
0±41 c
0.0±2.9 b
74±41 a
4.3±2.9 a
Experimental Run 2
0±52 b
0.0±5.3 b
33±52 a
1.6±5.3 ab
0±52 b
0.0±5.3 b
57±52 a
3.6±5.3 a

W

AUPMCZ

Media K1+
(mg·kg-1)

0.0±2.5
0.7±2.5
0.0±2.5
1.3±2.5

100±40
99±40
102±40
118±42

0.0±2.4
0.2±2.4
0.0±2.4
1.3±2.4

151±91
152±91
178±91
131±91

Media Mo4+
(mg·kg-1)
0
0
0
0

ab
ab
a
b

0.006±0.008
0.009±0.008
0.007±0.008
0.006±0.008

SPAD index relative to chlorophyll content inside leaves
Mean values ± standard deviation (n=25 and 30 for runs 1 and 2, respectively) with different letters within each experimental run are
significantly different according to Tukey’s HSD test at P≤0.1.
Y
AUDIC: Area under the disease incidence curve. zAUPMC: Area under the plant mortality curve
X

101

Tissue N
(%)
3.7±0.8
3.5±0.8
3.5±0.8
3.6±0.8

b
a
ab
ab

4.5±0.9
4.4±0.9
4.6±0.9
4.3±0.9

Table 2 Effects of the initial presence or absence of biofilm inside PVC pipes on poinsettia growth, tissue P5+, Mg2+, Mo4+, Pb2+
concentration, and media Mn2+ content.

Biofilm

Height
(cm)

Shoot dry
mass (g)

Biofilm
No Biofilm

28±8 a x
26±8 b

54±23 a
46±23 b

Biofilm
No Biofilm

34±10
32±10

50±21
48±21

Tissue P5+
Tissue Mg2+
(mg·kg-1)
(%)
Experimental Run 1
0.67± b 0.68±0.09
0.71± a 0.64±0.09
Experimental Run 2
0.64±
0.59±0.16 a
0.6±
0.56±0.16 b

x

Tissue Mo4+
(mg·kg-1)
3.5±4.7
2.7±4.6
16.8±4.0 a
15.0±4.2 b

Tissue Pb2+
(mg·kg-1)
0
0
0.06±0.31 b
0.16±0.31 a

Media Mn2+
(mg·kg-1)
0.25±0.28
0.21±0.28
0.17±0.31 b
0.25±0.31 a

Mean values± standard deviation (n=50 and 60 for runs 1 and 2, respectively) with different letters within each experimental run are significantly
different according to Tukey’s HSD test at P≤0.1.
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Table 3 Effects of the initial presence or absence of Pythium aphanidermatum in the nutrient
solution on poinsettia growth, tissue nutrient concentration, disease severity, and growing media
nutrient content.

Parameter
Disease severity (1-3)
Height (cm)
Caliper (mm)
Total leaf area (cm2)
Total bract area (cm2)
Shoot dry mass (g)
Tissue N (%)
Tissue Ca2+ (%)
Tissue Mg2+ (%)
Tissue Al3+ (mg·kg-1)
Tissue B3+ (mg·kg-1)
Tissue Fe2+ (mg·kg-1)
Tissue Mn2+ (mg·kg-1)
Tissue Mo4+ (mg·kg-1)
Tissue Na1+ (mg·kg-1)
Media P5+ (mg·kg-1)
Media K1+ (mg·kg-1)
Media Cu2+ (mg·kg-1)
Media Mn2+ (mg·kg-1)
Media Zn2+ (mg·kg-1)

Experimental Run 1
Pythium
No Pythium
x
2.3±0.8 a
1±0.8
24±8 b
30±8
8±4 b
10±4
3762±2305 b
6025±2289
2852±2249 b
5205±2268
37±23 b
63±23
3.5±0.9
3.6±0.9
1.2±0.2 b
1.3±0.2
0.6±0.1 b
0.7±0.1
36±18 a
31±18
30±6 b
36±6
102±40 b
113±40
124±38 b
148±38
2.6±3.7 b
3.6±3.7
0.1±0.04 a
0.1±0.04
40±20
39±19
108±48
101±47
0.0±0.1 b
0.1±0.1
0.3±0.3 a
0.2±0.3
0.3±0.3 a
0.2±0.3

x

b
a
a
a
a
a
a
a
b
a
a
a
a
b

a
b
b

Experimental Run 2
Pythium
No Pythium
2.5±0.7 a
2.1±0.7
31±10 b
35±10
11±3
12±3
5410±2928 b
6280±2928
5526±3968
6265±3968
46±21
53±21
4.4±1.1 b
4.6±1.1
1.9±0.5 b
2.1±0.5
0.6±0.1 b
0.6±0.1
34±20
29±19
51±14 b
56±14
187±36 b
206±35
164±32
172±31
14.7±4.2 b
17.1±4.0
0.1±0.01
0.1±0.01
32±30 a
27±30
142±114 b
164±114
0.0±0.1
0.0±0.1
0.2±0.3 a
0.2±0.3
0.2±0.3 a
0.2±0.3

Mean values± standard deviation (n=50 and 60 for runs 1 and 2, respectively) with different letters
within each experimental run are significantly different according to Tukey’s HSD test at P≤0.1.
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b
a
a

a
a
a
a
a
a
b
a
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Chapter 5: Performance of Pressure–Compensated Drip Emitters with Anti–Drain Membrane
Under Different Concentrations of Total Suspended Solids
Presented in the format for publication in the journal of Irrigation Science
Abstract
Clogging increases water usage, production costs, and decreases yields. The performance of drip
emitters with anti–drain mechanism has not been evaluated. The objective of this project was to
determine the concentration threshold at which total suspended solids (TSS) affect emitter
discharge and plant quality. Peat particles (≤150 µm size) were injected at concentrations of 0–
120 mg·L-1. Impatiens (Impatiens walleriana cv. Tempo F1 Burgundy red) were selected
because of their economic importance to ornamental greenhouse growers. The drip emitters were
pressure–compensated with anti–drain mechanism and a nominal discharge of 2 L·h-1. The
indicators of emitter performance were the emitter discharge, Christiansen uniformity coefficient
(CU), and the discharge variation ratio (Dra). The shoot dry weight and plant quality were
measured as indicators of crop performance. Emitters did not clog, and all had high CU.
However, the emitters had Dra up to 30% above their initial discharge with TSS of 60–120
mg·L-1. Consequently, the plants had more dry weight, but the plant quality remained constant
across all treatments. It is possible that suspended particles were affecting the anti–drain
membrane from blocking water flow after each irrigation event. This suggests that growers may
have higher water use, leaching, runoff potential, use of fertilizer, and consequently higher
operational costs without a significant improvement to the quality of ornamental crops.
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Introduction
Total suspended solids (TSS) and iron can accumulate in irrigation systems and clog
filters and emitters. TSS refer to the fraction of solids in the water that are retained by a filter
(APHA 1998). Clogging can affect irrigation uniformity (Capra and Scicolone 1998), emitter
discharge efficiency (Ravina et al. 1992), decrease crop yield (Sadeh and Ravina 2000), and
increase production costs (Raudales et al. 2017). The aim of this project was to determine the
thresholds at which TSS irrigation water affect emitter performance and consequently
ornamental plant quality.
Bucks et al. (1979) and Capra and Scicolone (1998) proposed guidelines to estimate the
risk of drip emitter clogging according to water quality parameters. According to these
guidelines, emitters are at high risk of clogging with TSS levels above 160 mg·L-1 and 400
mg·L-1 (Bucks et al. 1979; Capra and Scicolone 1998). However, Lavanholi et al. (2018), Niu et
al. (2013), Oliveira et al. (2017), and Oliver et al. (2014) observed that TSS above the
recommended levels decreased emitter performance but did not result in fully clogged emitters.
None of the investigations mentioned above evaluated pressure–compensated (PC) with anti–
drain mechanism (ADM) emitters.
The structural design of drip emitters affects clogging incidence and irrigation efficiency
(Adin and Sacks 1991; Taylor et al. 1995; Wu et al. 2004). The ADM consists of a membrane
that closes the water passage when the pressure in the pipes drops below a set level, leaving the
pipes full of water and ready for the next irrigation cycle (Eckstein and Eckstein 1997; Lutzki
and Einav 2012). Greenhouse irrigation systems benefit from this technology because of the high
frequency of irrigation. It remains unknown how TSS and ferric iron affect the performance of
emitters with ADM.
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The objective of this project was to determine if concentrations between 0–120 mg·L-1
TSS affect the performance of drip emitters with ADM, and consequently ornamental plant
quality. The performance of PC with ADM emitters was tested using nutrient solutions that had
peat particles (<150µm diameter) at concentrations of 0, 30, 60, and 120 mg·L-1 TSS. Emitter
discharge, uniformity coefficient, and discharge variation ratio were estimated as indicators of
emitter performance. The dry weight and quality of impatiens were measured as a link between
emitter performance and plant performance.
Materials and methods
Drip emitter performance
The emitters used were compact on–line pressure–compensated drippers (PCJ–LCNL
Model 01WPCJL2, Netafim™, USA) with anti–drain mechanism, 2 L·h-1 nominal discharge,
and spaced every 30 cm. The drippers had a working pressure of 0.07–0.4 MPa, 𝑘= 2.0, 𝑥=0,
0.012 MPa shut off pressure, and water passages of 0.98×0.79×35 mm (width–depth–length).
The initial discharge was estimated by running municipal water through the system for five
minutes and measuring the volume coming from each emitter with a graduated cylinder.
Thereafter, the weekly emitter discharge was calculated using nutrient solution instead of
municipal water. The Christiansen uniformity coefficient (𝐶𝑈) and the discharge variation ratio
(𝐷𝑟𝑎) were calculated to determine emitter performance.
The system uniformity (𝐶𝑈) was calculated using the Christiansen uniformity coefficient
(Christiansen 1942) as:
𝐶𝑈 = 100 × (1 − 𝐶𝑉)
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In which 𝐶𝑉 is the coefficient variation of the emitters in each experimental unit. The 𝐶𝑈
is an indicator of emitter discharge variability within an irrigation lateral. Uniformity is
considered low when under 71%, medium between 71 and 89%, and high above 89% (Capra and
Scicolone 1998).
The discharge variation ratio (𝐷𝑟𝑎) was calculated according to Zhou et al. (2017) as:
𝑞
∑𝑛𝑖=1 𝑖𝑚
𝑞𝑖𝑛
𝐷𝑟𝑎 = 100 × (
)
𝑛

In which 𝑞𝑖𝑚 is the measured discharge at the 𝑖 𝑡ℎ emitter, 𝑞𝑖𝑛 is the initial discharge of
the same emitter, and 𝑛 is the number of emitters in each experimental unit. The 𝐷𝑟𝑎 indicates,
in percentage, the discharge change of emitters relative to their initial discharge. Drip emitters
are regarded as completely clogged when Dra is below 25%, as having low uniformity when Dra
is below 61%, and as having high uniformity when Dra values are over 79% (Capra and
Scicolone 1998; Pei et al. 2014; Zhou et al. 2017).
System setup and treatments
Peat particles were used as the reference particle of TSS at concentrations ranging from 0
to 120 mg·L-1. Peat moss was dried at 65°C for 72 h, then it was ground with a cyclone sample
mill (Model 3010-030, UDY Corporation, Fort Collins, CO) fitted with a 0.5 mm pore size
screen. The ground peat passed through screens with pore sizes of 500, 250 and 150 µm using a
Ro-Tap® (Model RX-29, W. S. Tyler, Mentor, OH) sieve shaker. The peat particles smaller than
150 µm were continuously injected through four polyvinyl chloride (PVC) manifolds at 0, 30,
60, and 120 mg·L-1. The peat was injected using electromagnetic diaphragm dosing pumps
(Model DLXB, Etatron D. S., Italy). A proportional dosing pump (Model D14MZ2, Dosatron
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International Inc.) injected 15-5-15 Ca–Mg (N–P2O5–K2O) fertilizer (JR Peters Inc., Allentown,
PA) solution at a rate of 150 mg·L-1 nitrogen (N) before peat injection.
After peat was injected, each PVC manifold delivered the nutrient solution to five PVC
(Schedule 40 with 20 mm I. D.) loops. The PVC loops were made of six parallel pipes connected
with 90° elbows and had the two middle pipes sectioned in 10 cm pieces. The 10 cm pieces were
held together with matching male-female pipe thread fittings sealed with Teflon tape. Each PVC
loop was connected to two polyethylene (PE with 16 mm I. D.) lines each fitted with six
drippers. The system pressure was maintained at 0.2 MPa using a pressure regulator (Netafim™,
USA) since pressure compensation is possible at the emitter design pressure (Oliver et al. 2014).
In between experimental runs, the PVC lines were sanitized overnight with 2 mg·L-1 free
chlorine, brushed with soapy water, flushed with tap water, and the polyethylene lines and
drippers were replaced with new ones.
Plant material
Impatiens (Impatiens walleriana cv. Tempo F1 Burgundy red) was chosen as the model
plant because it is a commonly grown annual ornamental in greenhouses (Chyliński et al. 2007;
Henson et al. 2006). Rooted seedlings were transplanted in a 1.7 L container with Fafard® 3B
RESiLIENCE ® growing media (Sun Gro Horticulture, Agawam, MA, USA, Canadian
sphagnum peat moss, bark, coir, perlite, vermiculite, dolomitic limestone, wetting agent).
Irrigation was scheduled to run for two minutes at 8:00 a.m. and 12:00 p.m. for eight weeks. The
stem caliper and shoot dry weight were measured eight weeks after transplant. The quality of the
plants was evaluated by three independent judges to determine if the treatments affected the
market appeal of the plants because the aesthetic quality of plants is more important than growth
rate in ornamental crops (Cabrera et al. 2018; Costello et al. 2000). Plant quality was rated using
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a marketable scale from 1 to 5 as described by Morvant et al. (1998) (where 1: poor quality and
5: best salable quality). However, by the end of the experiment there was no aesthetic differences
between plants from all treatments (data not shown).
Nutrient solution monitoring
The concentration of TSS was measured after the injection point and at the end of the
emitters using the APHA standard method 2540 D (APHA 1998). Briefly, 500 mL of water was
filtered through a pre–weighed 47 mm diameter fiberglass filter with a pore size of 1 µm. The
filter was dried at 105°C for 2 h and weighed. The concentration of TSS was estimated by
subtracting the filter’s final and initial dry weight and dividing that difference by the volume of
water filtered.
Attached deposits inside pipes
The dry mass of deposits, attached bacteria numbers, and total chlorophyll content were
measured from deposits attached to the inner surface of PVC and PE pipes at the end of the
experiment. The dry mass of deposits was measured as described by Characklis (1990). Briefly,
10 cm long pipe sections with the sediments were dried at 95°C for 1 h and the dry mass was
measured using an analytical balance (±0.1 mg Mettler Toledo MS104S, Switzerland). The pipes
were washed with soapy water, rinsed three times with deionized water, and dried again. The
clean pipe dry mass was measured, then the sediment accumulation was calculated by
subtracting the clean pipe dry mass from the initial dry mass and reported as mg·cm-2. Samples
for attached bacteria determination were collected as described by Zhou et al. (2009). Briefly, the
deposits inside 10 cm long pipe sections were scraped with sterile cotton swabs and collected in
50 mL Phosphate buffer saline (PBS) solution. Heterotrophic plate counts (HPC) were made
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using a 2 mL aliquot of the PBS and 3M™ Petrifilm™ plates (3M, St. Paul, MN) as described by
Meador et al. (2016). Briefly, three sequential 10-fold dilutions were made, and 1 mL of each
dilution was plated on the Petrifilm™ plates. The plates were incubated for 48 h and the number
of colonies were counted thereafter. Attached chlorophyll sampling was made by scraping
another pipe section and collecting the scrapings in 50 mL sterile deionized water. Chlorophyll
extraction and measurement were made according to the APHA standard method 10200 H
(APHA 1998). Briefly, the scrapings were filtered through 1 µm pore size fiber glass filters, then
the filters were dissolved in 90% (v/v) acetone solution with 0.1 % (w/v) magnesium carbonate
and let sit in the dark for 2 h at 4°C. The solutions were clarified by centrifuging at 3,000 rpm for
20 min. The samples were transferred to a 96 well plate and the absorbances at 664 nm, 647 nm,
and 630 nm were measured with a spectrophotometer.
Experimental design and data analysis
The experimental unit consisted of a PVC pipe loop connected to two PE with a total of
12 drippers and six plants. The treatments were arranged in a randomized complete block design
(RCBD) using 5 blocks. Of each experimental unit, six drippers were used to collect emitter
performance data and the remaining six were used to irrigate the plants. There was a total of 120
plants and 120 emitters sampled and the experiment was repeated twice. The data was analyzed
using the Mixed procedure using SAS® 9.4 (SAS Institute Inc., Cary, NC) and differences were
declared with Tukey’s HSD post-hoc test at P≤0.05. Single-degree-of-freedom orthogonal
polynomial analysis was made to determine trend response of the dependent variables over TSS
levels and across eight weeks. Only the significant polynomial terms (P≤0.05) were considered
to determine trend response.
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Results
Emitter performance
Solutions with 0–120 mg·L-1 TSS or 0–5 mg·L-1 ferric iron injected continuously did not
clogg the emitters ; however, the performance was affected by the TSS. , The emitters had lower
CU than the control when the solutions had ≥30 mg·L-1 TSS in experimental run 1 (Figure 1). In
experimental run 2, TSS concentrations above 60 mg·L-1 decreased the CU of the emitters to
84% (Figure 1). The CU decreased with increasing concentrations of TSS with a linear–quadratic
and a linear–quadratic–cubic trend response in experimental runs 1 and 2, respectively (Table 1).
However, irrigation CU denotes variability in a lateral without indicating if the discharge
increases or decreases. Throughout both experimental runs, the discharge of emitters was
consistently higher than the control when the solutions had 60 and 120 mg·L-1 TSS (Figure 2).
At 30 mg·L-1 TSS the discharge of the emitters was lower than the control (Figure 2). The
emitter-discharge trend response to concentrations of TSS was linear–quadratic–cubic for both
experimental runs (Table 1). TSS concentrations of 60 and 120 mg·L-1 increased the discharge of
the emitters up to 23 and 30 % above their initial discharge, respectively (Figure 3). TSS
concentration of 30 mg·L-1 lowered the Dra of emitters compared to the control in experimental
run 1 (Figure 3). The emitter Dra shows a positive linear correlation and a linear–quadratic–
cubic trend response to increasing concentrations of TSS in the nutrient solution (Table 1).
Plant growth
Plant growth was affected by changes in emitter discharge caused by the TSS content in
the nutrient solution. In experimental run 1, plants had the lowest dry weight with TSS
concentration of 30 mg·L-1 and the highest dry weight with TSS concentration of 120 mg·L-1
(Table 2). In experimental run 2, the plants had the highest dry weight when the nutrient solution
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had of 30 and 60 mg·L-1 TSS (Table 1). The quality of the plants was the same across all TSS
concentrations (data not shown). There was no linear correlation between TSS content and the
quality of plants, stem caliper, and shoot dry weight (Table 2). The relationship between TSS in
the nutrient solution and plant dry weight was linear–cubic in experimental run 1 and quadratic–
cubic in experimental run 2 (Table 2).
Attached deposits inside pipes
PVC pipes had more attached deposits (attached bacteria, deposit biomass, and
chlorophyll) than PE pipes (Table 3). TSS concentrations between 30 to 60 mg·L-1 resulted in
higher numbers of attached bacteria on PVC pipes in experimental run 1 (Table 3). For
experimental run 2, TSS concentrations from 60 to 120 mg·L-1 resulted higher numbers of
attached bacteria on PE pipes (Table 3). On PVC pipes, the amount of chlorophyll extracted
from the sediments was highest without TSS and lowest with 120 mg·L-1 TSS during
experimental run 2 (Table 3). The biomass of the sediments on the surface of both pipe materials
was similar regardless of the TSS content of the nutrient solution in both experimental runs
(Table 3). The number of attached bacteria shows a positive quadratic response to the TSS
content in the nutrient solution in PVC pipes. In PE pipes the response of attached bacteria to
TSS content is quadratic–cubic and linear–cubic for experimental runs 1 and 2, respectively
(Table 3).
Discussion
Emitters had medium to high CU and did not clog with TSS concentrations up to 120
mg·L-1. Liu and Huang (2009) and Oliver et al. (2014) reported similar results in which PC
drippers with a discharge above 2 L·h-1 did not clog using reclaimed water. Suggesting that the
levels proposed by Bucks et al. (1979) and Capra and Scicolone (1998) and currently used by
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FAO (Ayers and Westcot 1985) do not predict risk of clogging of PC drip emitters with ADM
under the tested experimental conditions. This observation supports the findings in chapter 2 in
which individual water quality parameters did not indicate the conditions that lead to clogging.
The interaction between TSS and the extracellular polysaccharide substance (EPS) of biofilms
has been linked as a possible cause of drip emitter (Oliver et al. 2014; Zhou et al. 2013). In this
project biofilm biomass was measured inside pipes but not inside emitters which may explain
why there were no clogged emitters. Therefore, research on clogging should evaluate the
interactions among water quality parameters that lead to clogging.
The discharge of emitters increased in nutrient solutions that had TSS concentrations of
60–120 mg·L-1 compared to the control emitters. The Dra of emitters was up to 30% higher than
the initial discharge with 120 mg·L-1 TSS. The observations of higher emitter discharge differ
from observations made by Lavanholi et al. (2018), Niu et al. (2013), Oliveira et al. (2017), and
Oliver et al. (2014) in which they observed a decrease in emitter performance. The explanation
for this discrepancy may be the short operation time of both experiments. For example, Oliver et
al. (2014) observed a significant decrease in performance after 2,500 h of operation which
translates to approximately 89 weeks of operation under the irrigation scheme used in the TSS
experiment. However, the results from both projects suggest that new PC emitters with ADM
tend to overirrigate during a single crop cycle (approximately the first 50 h of operation) using
lower quality water. Possibly, the suspended particles may have prevented the anti–drain
membrane from fully closing after each irrigation resulting in higher discharge, which could be a
sign of partial clogging in emitters with ADM. Lui and Huang (2009) and Ravina et al. (1992)
concluded that clogging is a gradual process and changes to emitter performance suggest that
emitters are in a state of partial clogging. At the farm level, a 30% higher discharge may translate
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in higher water use, leaching, runoff, costs, use of plant growth regulators, and provides adequate
environments for root pathogens (Cirillo et al. 2014; Costa et al. 2007; Kim et al. 2011).
Therefore, partial clogging becomes a barrier for the successful implementation of best
management practices to improve water use and to the use of irrigation water of lesser quality
(Chartzoulakis and Bertaki 2015; Juanico et al. 1995).
The increased emitter discharge and Dra did not result in plants with better quality
despite the increased plant dry weights. This suggests that ornamental crop growers may have
higher operational costs because there is no practical benefit of adding more nutrient solution.
Using the cost data of the greenhouse grower that used pond water with ozone treatment
described by Raudales et al. (2017) as an example: For that specific summer the grower used
250,000 gallons of water with a total cost of $5,200. A 30% increase in emitter discharge could
result in 75,000 additional gallons of water and $1,560 more in water costs with no relevant
profit increase for ornamental growers. Filtration systems remove particles from water and have
a total cost range of $0.02–$3.11 per 1,000 gallons of water treated (cost data from Raudales et
al. (2017) adjusted to 2018 values using the consumer price index from the U.S. Bureau of Labor
Statistics), it is equivalent to $782.50–$1,555 in potential savings.
Conclusion
The main goal of this project was to determine the clogging threshold of TSS that affects
the discharge of drip emitters with ADM to a degree that it impacts ornamental plant quality.
Emitters did not clog but there was an increase in emitter discharge. The ornamental plants had
the same quality despite the increase in emitter discharge. These results suggest that drip emitters
with ADM will over-irrigate during the first 50 hours of operation. Increased water use result in
higher operational costs without a relevant benefit for ornamental crop growers.
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One of the main reasons why growers adopt microirrigation systems is to improve water
use efficiency. However, suspended particles (TSS) can affect the operation of drip emitters
affecting their performance. Changes in emitter performance make it hard to measure the
footprint of crops and increases inputs because of the need of water treatment technologies to
keep constant performance. It is important that growers keep track of their water usage and the
performance of their irrigation system to avoid costs associated with increased water use. Emitter
performance data is a useful tool that helps growers evaluate the efficacy of water treatment
technologies at improving water use efficiency and to make decisions on when it is appropriate
to treat for clogging. Investing in a filtration system results in lower operational costs in the long
run.
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Tables and figures
Table 1 Linear correlation and trend response of emitter performance data to concentrations of total suspended solids (TSS) in the
nutrient solution.

Experimental run
0 mg·L-1
30 mg·L-1
60 mg·L-1
120 mg·L-1
Linear correlation Z

Emitter discharge (L·h-1)
I
II
Y
2.75 b
2.99 ab
2.6 c
2.87 b
2.72 b
3.24 a
2.89 a
3.08 ab
*** (₊)
*** (₊)

Linear
Quadratic
Cubic

***
***
***

TSS

***
**
***

Uniformity coefficient (%)
I
II
98 a
96
97 ab
96
95 ab
90
95 b
94
*** (₋)
*** (₋)
Trend response
***
*
**
**
NS
**

Dra (%) X
I
116
113
120
123
***
***
*
***

bc
c
ab
a
(₊)

II
98
101
108
101
***

b
ab
a
ab
(₊)

**
***
***

NS, *, **, *** Non-significant or significant at P≤0.05, 0.01, or 0.0001, respectively
X
Discharge variation ratio
Y
Means within a column followed by different lower-case letters are significantly different at P≤0.05 according to Tukey’s HSD test.
Z
Spearman correlation: (₋): Negative linear correlation. (₊): Positive linear correlation.
n=120 per TSS concentration for emitter discharge and n=5 experimental units with six emitters per TSS concentration for uniformity coefficient
and Dra.
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Table 2 Linear correlation and trend response of Impatiens walleriana cv. Tempo F1 Burgundy growth to the concentration of total
suspended solids (TSS) in nutrient solution.
TSS
Experimental run
0 mg·L-1
30 mg·L-1
60 mg·L-1
120 mg·L-1
Linear correlation
Linear
Quadratic
Cubic

Stem caliper (mm)
I
II
Z
16.9 ab
16.1
15.7 ab
17.1
15.4 b
16.6
17.0 a
16.4
NS
NS
Trend response
NS
NS
**
NS
NS
NS

Shoot dry weight (g)
I
II
14.5 ab
13.3 b
13.3 b
13.7 ab
14.3 ab
14.4 a
15.7 a
12.8 b
NS
NS
*
NS
**

NS
**
*

NS, *, **, *** Non-significant or significant at P≤0.05, 0.01, or 0.0001, respectively.
Z
Means within a column followed by different lower-case letters are significantly different at P≤0.05 according to Tukey’s HSD test.
n=30 per TSS concentration.
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Table 3 Linear correlation and trend response of attached deposits inside polyvinyl chloride (PVC) and polyethylene (PE) pipes to the
concentration of total suspended solids (TSS) in the nutrient solution.
Attached bacteria
(Log10 CFU·cm-2)
I
II

TSS
Experimental run
0 mg·L-1
30 mg·L-1
60 mg·L-1
120 mg·L-1
Linear correlation Z

2.7
2.9
3.4
2.8
NS

1.3
1.4
3.4
2.9
**

Linear
Quadratic
Cubic

NS
*
*

***
NS
**

0 mg·L-1
30 mg·L-1
60 mg·L-1
120 mg·L-1
Linear correlation

2.6
3.5
4.0
2.9
NS

Linear
Quadratic
Cubic

NS
***
NS

c
ab
a
bc

3.1
3.9
3.6
2.7
NS
NS
**
NS

bY
b
a
a
(₊)

Sediment biomass (mg·cm-2)
I
II
PE pipe
0.08
0.12
0.10
0.22
0.12
0.19
0.19
0.17
** (₊)
NS
Trend response
NS
NS
NS
NS
NS
NS
PVC pipe
0.60
0.99
0.50
1.24
0.69
1.20
0.50
0.96
NS
NS
Trend response
NS
NS
NS
NS
NS
NS

Sediment chlorophyll (µg·cm-2)
I
II
9.9
5.9
6.7
5.8
NS

4.4
5.1
4.9
4.5
NS

NS
NS
NS

NS
NS
NS

13.5
15.7
10.3
11.3
NS

9.8
6.3
6.6
5.0
**

*
*
NS

**
NS
*

NS, *, **, *** Non-significant or significant at P≤0.05, 0.01, or 0.0001, respectively.
Y
Means within a column followed by different lower-case letters are significantly different at P≤0.05 according to Tukey’s HSD test.
Z
Spearman correlation: (₋): Negative linear correlation. (₊): Positive linear correlation.
n=5 for each TSS and pipe combination.

120

a
ab
ab
b
(₊)

a

-1
00 mg·L-1
TSS
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Figure 1 Weekly uniformity coefficients of drip emitters subjected to different concentrations of
total suspended solids (TSS) for experimental runs 1 (a) and 2 (b). Each marker represents an
average of five irrigation laterals each with six pressure–compensated emitters with anti–drain
technology. The lines in each marker represent standard error.
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Figure 2 Weekly discharge of drip emitters subjected to different concentrations of total
suspended solids (TSS) for experimental runs 1 (a) and 2 (b). Each marker represents an average
of 30 pressure–compensated emitters with anti–drain technology. The lines in each marker
represent standard error.
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Figure 3 Weekly emitter discharge variation ratio (Dra) under different concentrations of total
suspended solids (TSS) for experimental runs 1 (a) and 2 (a). Dra values represent how much
flow rate of new emitters changed in percentage. Each marker represents an average of five
irrigation laterals each with six pressure–compensated emitters with anti–drain technology. The
lines in each marker represent standard error.
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Chapter 6: Summary and Conclusions
The research conducted in this dissertation focused on identifying the causes of clogging
of irrigation systems in greenhouses. These studies identified: (1.) that clogging depends on
specific interactions between water quality parameters and qualitative characteristics of microbes
rather than the concentration of individual parameters or the number of aerobic bacteria, (2.) that
biofilm accumulation differs by pipe material and water flow frequency, (3.) that biofilms may
be involved in process of plastic pipe biodegradation and that this process could increase biofilm
regrowth, (4.) potential use of plastic pipes as substrate to host biofilms that may benefit plant
health, and (5.) that the discharge of pressure–compensated emitters with anti–drain mechanism
increases in the presence of TSS. The outcomes of this research will drive further research and
discussion aimed at improving the ability to manage clogging of greenhouse irrigation systems.
These projects also increased basic knowledge about the biology of biofilms inside irrigation
pipes.
Water quality indicators that may improve the ability to predict clogging and identify its causes
The greenhouse survey revealed that the current water quality classification systems were
not reliable for predicting clogging and identifying its causes in greenhouse irrigation systems.
The classification systems overestimate the risk of chemical clogging when using fertigation and
ignores the qualitative characteristics of microbial communities that may be involved in
clogging. Based on observations from the survey, the guidelines may be improved with the use
of indicators capable of screening for floc–formation genes and indicating biochemical processes
that lead to precipitation of elements. There is a need to adapt, develop, and standardize methods
that will measure these indicators and interactions among water quality parameters that lead to
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clogging. Further research needs to determine thresholds at which these indicators affect emitter
performance and profitability.
Environment within irrigation pipes is ideal for biofilm formation
In practice farmers should be aware that the risk of clogging depends on the pipes and the
frequency of irrigation. Polyvinyl chloride (PVC) pipes accumulated more biofilm than
polyethylene (PE) pipes with solution flowing continuously and with high frequency. PVC
polymers are chemically more reactive and more susceptible to biodegradation than PE
polymers. The hydrophobicity and topography of the surface of PVC pipes changed after biofilm
growth. This result suggests that pipe materials that are easier to biodegrade may be a better
substrate for biofilms. The changes caused by the biofilm on PVC pipes suggest that biofilms
may be involved in the process of biodegradation of pipes. Further research needs to address how
the changes to the pipe surface, caused by biofilms, affect biofilm regrowth and if biofilms
significantly affect the longevity of irrigation systems.
Irrigation pipes as a substrate for potentially beneficial biofilms
Poinsettia plants had higher growth and less root infection when pipes had an established
biofilm compared to clean pipes. There were no significant differences in the amount of nutrients
in the plant tissue and growing media which suggests that the effects were not related to plant
nutrition. This result suggests that the biofilm either protected plants from phytotoxic compounds
leaching from pipes or that it hosted microbial communities that were beneficial to the plants.
Further research needs to determine if plastic pipes may be used as a substrate for beneficial
biofilms that can protect plants against diseases and promote plant growth without clogging
irrigation systems.
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Drip emitters with ADM overirrigate during the initial stages of clogging
The quality of irrigation water affects emitter performance and water budgets. TSS levels
up to 120 mg·L-1 did not clog emitters but significantly increase the emitter discharge. These
results support observations made in chapter 2 in which individual water quality parameters did
not indicate incidence of clogging. Therefore, research on clogging should evaluate the
interactions among water quality parameters that lead to clogging. However, there was an
increase in emitter discharge which suggest that the operation of the anti–drain membrane was
affected by suspended particles. Growers who do not track emitter performance may end up
using more water and have increased operational costs. Emitter clogging management programs
should use water treatment technologies to lower the risks of emitter clogging and track emitter
performance data to rate the performance of water treatment and to make decisions on when to
treat for clogging.
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